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Grant-Supported  Publications 

The  following  papers  describe  research  supported  under  this  grant.  Papers  numbered 
1-15,  as  well  as  a  sample  conference  proceedings  review  (number  23)  are  included  with 
this  report. 

Publications: 

A.  Refereed  Publications: 

1.  “Weak  Field  Optimal  Control  Over  Product  Yields:  The  Pump  Dump  Scenario”, 
M.  Shapiro  and  P.  Brumer,  Chem.  Phys.  Lett.  208,  193  (1993). 

2.  “Coherence  and  Laser  Control  of  Chemical  Reactions”,  P.  Brumer  and  M.  Shapiro, 
in  “Molecules  in  Laser  Fields”,  pages  287-348,  ed.  A.  Bandrauk,  (Marcel  Dekker, 
1994) 

3.  “Two  Color  Coherent  Control  with  SEP  Preparation:  Electronic  Branching  in  Na2 
Photodissociation,”  J.  Dods,  P.  Brumer  and  M.  Shapiro,  Can.  J.  Chem.  (Polanyi 
Honor  Issue)  72,  958  (1994) 

4.  “Interference  Control  of  Photodissociation  Branching  Ratios:  Two  Color  Frequency 
Tuning  of  Intense  Laser  Fields”,  Z.  Chen,  M.  Shapiro  and  P.  Brumer,  Chem.  Phys. 
Lett.  228,  289  (1994) 

5.  “Relative  Laser  Phase  in  the  Coherent  Control  and  Interference  Control  of  Photodis¬ 
sociation  Branching  Ratios”,  P.  Brumer,  Z.  Chen  and  M.  Shapiro,  Israel  J.  Chem. 
34,  137  (1994) 
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6.  “Coherent  and  Incoherent  Laser  Control  of  Photochemical  Reactions”,  M.  Shapiro, 
and  P.  Brumer,  International  Reviews  of  Physical  Chemistry  13,  187  (1994) 

7.  “Uniform  Semiclassical  Wavepacket  Propagation  and  Eigenstate  Extraction  in  a 
Smooth  Chaotic  System”,  D.  Provost  and  P.  Brumer,  Phys.  Rev.  Lett.  74,  250 
(1995) 

8.  “Laser  Control  of  Molecular  Motion”,  P.  Brumer  and  M.  Shapiro,  Scientific  Ameri¬ 
can,  272,  56  (1995) 

9.  “Interference  Control  without  Laser  Coherence:  Molecular  Photodissociation”,  Z. 
Chen,  M.  Shapiro  and  P.  Brumer,  J.  Chem.  Phys.  102,  5683  (1995) 

10.  “Quantum  Limitations  on  Control  and  Dynamics”,  M.  Shapiro,  and  P.  Brumer,  J. 
Chem.  Phys.  (in  press) 

11.  “Incoherent  Interference  Control  of  Photodissociation  in  the  Strong  Field  Domain” 
Z.  Chen,  M.  Shapiro  and  P.  Brumer,  Inti.  J.  Nonlinear  Optical  Physics,  (in  press) 

12.  “Phase  and  Intensity  Control  of  Integral  and  Differential  Above  Threshold  Ionization 
Rates”,  R.  Blank  and  M.  Shapiro,  Phys.  Rev.  A  (in  press) 

13.  “Incoherent  Interference  Control  of  Two  Photon  Dissociation”  Z.  Chen,  M.  Shapiro 
and  P.  Brumer,  Phys.  Rev.  A  (in  press) 

14.  “Pump-Dump  Coherent  Control  with  Partially  Coherent  Laser  Pulses”  X-P.  Jiang, 
M.  Shapiro  and  P.  Brumer,  J.  Chem.  Phys.  (submitted) 

15.  “Electronic  Spectra  of  Diatomics  on  non-Static  Surfaces:  IBr  on  MgO(OOl)”  X-P. 
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Jiang,  M.  Shapiro  and  P.  Brumer,  J.  Chem.  Phys.  (to  be  submitted  —  preliminary 
version  enclosed) 

B.  Manuscripts  in  Preparation: 

16.  “Initial  Value  Representation  for  Polyatomic  Photofragmentation”,  G.  Campolieti 
and  P.  Brumer. 

17.  “Partial  Laser  Coherence  Effects  in  1+3  Photon  Coherent  Control”,  X-P.  Jiang,  M. 
Shapiro  and  P.  Brumer 

18.  “Optimal  Pulsed  Laser  Control  of  Naa  Photo  dissociation”,  J.  Paci,  M.  Shapiro  and 
P.  Brumer 

19.  “Coherent  Control  of  Molecular  Processes”,  P.  Brumer  and  M.  Shapiro,  (  Monograph 
on  Coherent  Control ) 

20.  “Experimental  Observation  of  Laser  Controlled  Branching  in  the  Photodissociation 
of  Na2  Na(3s)  +  Na(3d),  Na(3p)  ,  Na(4s)”,  I.  Sofer,  A.  Shnitman,  1.  Golub,  A. 
Yogev,  M.  Shapiro,  Z.  Chen  and  P.  Brumer  (in  preparation) 

C.  Conference  Proceedings 

21.  “  Control  of  Molecular  Photodissociation  via  Frequency  Tuning  of  Intense  Laser 
Fields”,  Z.  Chen,  M.  Shapiro,  and  P.  Brumer,  in  ’’Laser  Techniques  for  State-Selected 
and  State-to-State  Chemistry  11”,  ed.  J.W.  Hepburn,  SPIE-Int.  Soc.  Opt.  Eng. 
2124,  60-67  (1994). 
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22.  “Laser  Control  of  Chemical  Reactions  in  a  Thermal  Environment”,  Z.  Chen,  M. 
Shapiro  and  P.  Brumer,  in  “Mode-Locked  and  Solid  State  Lasers,  Amplifiers  and 
Applications”,  ed.  M.  Piche  and  P.W.  Pace,  SPIE-Int.  Soc.  Opt.  Eng.  2041, 
166-172  (1994). 

23.  “Laser  Control  of  Molecular  Processes:  Resonant  Excitation  in  a  Thermal  Environ¬ 
ment”,  by  Z.  Chen,  M.  Shapiro,  and  P.  Brumer,  in  “Multiphoton  Processes”,  ed. 
D.K.  Evans  and  S.L.  Chin,  (World  Scientific,  N.J.,  1994)  pgs  317-324. 

D.  Publications  previously  reported  (Final  Report  - 1992)  as  submitted)  now  published 

24.  “Theory  of  Resonant  Two-Photon  Dissociation  of  Na2”,  Z.  Chen,  M.  Shapiro  and  P. 
Brumer,  J.  Chem  Phys.  98,  8647  (1993). 

25.  “Multiproduct  Coherent  Control  of  Molecular  Photodissociation  via  2-Photon  vs. 
2-Photon  Interference”,  Z.  Chen,  P.  Brumer  and  M.  Shapiro  J.  Chem.  Phys.  98, 
6843  (1993). 

26.  “Three  Dimensional  Quantum-Mechanical  Computations  of  the  Control  of  the  H-fOD 

DOH  D-FOH  Reaction” ,  M.  Shapiro  and  P.  Brumer,  J.  Chem.  Phys.  98,  201 
(1993). 

27.  “Total  W-Channel  Control  in  the  Weak  Field  Domain”,  M.  Shapiro  and  P.  Brumer, 
J.  Chem.  Phys.  97,  6259  (1992). 

28.  “Coherent  Radiative  Control  of  Molecular  Photodissociation  via  Resonant  2-Photon 
plus  2-Photon  Interference”,  Z.  Chen,  M.  Shapiro  and  P.  Brumer,  Chem.  Phys. 
Letters  198,  498  (1992). 
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29.  “Laser  Control  of  Molecular  Processes”,  P.  Brumer  and  M.  Shapiro,  Annual  Reviews 
of  Physical  Chemistry,  43,  257,  (1992). 

Work  In  Progress 

30.  “Semiclassical  Propagation  of  Polyatomic  Photofragmentation”,  (with  J.  Campoli- 
eti). 

31.  “Quantum  Computations  of  Polyatomic  Photofragmentation”,  (with  A.  Abrashke- 
vitch). 

32.  “Pulsed  Incoherent  Interference  Control  via  Adiabatic  Following”,  (with  Z.  Chen) 

33.  “Control  of  Refractive  Indices”,  (with  E.  McCullough) 

34.  “Partial  Coherent  Laser  Effects  in  the  1-photon  plus  3-photon  Control  Scenario”, 


(with  X-P.  Jiang) 


Research  Accomplishments 


We  continue  research  on  our  approach  to  the  coherent  radiative  control  of  molecular 
processes.  Our  focus  remains,  as  in  the  past,  on  extending  the  general  theory  and  on 
theoretically  designing  laboratory  scenarios  for  displaying  control.  The  latter  also  entails 
a  significant  effort  to  minimize  effects  which  tend  to  diminish  control,  such  as  collisional 
dephasing,  thermal  population  distributions  and  partial  laser  coherence.  We  have,  during 
the  course  of  this  grant  period,  done  several  seminal  pieces  of  research  which  both  extend 
the  theory  and  provide  the  basis  for  considerably  greater  advances  in  the  near  future. 
Particularly  notable  successes  dmring  this  research  period  include  (where  reference  numbers 
refer  to  the  list  above): 

a)  analysis  of  the  general  role  of  laser  phase  in  coherent  control  scenarios^.  Typical 
applications  include  a  stimulated-emission-pumping  scheme  for  carrying  out  two- 
color  coherent  control^; 

b)  the  introduction^  and  extensive  development®’^^’^^  of  Incoherent  Interference  Con¬ 
trol,  a  strong  laser  field  based  method  of  control  which  is  relatively  insensitive  to  the 
coherence  of  the  laser  sources; 

c)  extensive  and  highly  successful  computational  interaction  with  experimentalists^® 
to  implement,  observe  and  interpret  experimental  studies  of  incoherent  interference 
control  in  Na2.  Significantly,  experiments  were  carried  out  with  Na2  in  a  bulk  thermal 

environment] 

d)  The  development  of  a  new  approach  to  optimal  control  in  the  weak  field  pump-dump 
coherent  control  scenario^; 
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e)  continuing  development  of  semiclassical  propagation  methods^’^*^  to  allow  studies  of 
photodissociation  and  control  in  polyatomic  systems; 

f)  proof  of  a  general  theorem  on  control  which  provides  quantum  limitations  on  the 
extent  of  control  possible  in  bound  systems^®; 

g)  application  of  the  1-photon  plus  3-photon  coherent  control  scenario  to  control  the 
integral  and  differential  cross  sections  in  above  threshold  ionization^^; 

h)  the  completion  of  initial  steps  in  the  study  of  control  in  condensed  phases  by  devel¬ 
oping  a  model  of  the  electronic  spectroscopy  of  molecules  adsorbed  on  a  dynamic 
surface^® . 

i)  The  use  of  a  realistic  model  of  Na2  photodissociation,  [which  forms  Na(3s)  -f-  Na(4s), 
Na(3s)  -t-  Na(3d)  and  Na(3s)  -h  Na(3p)]  to  study  the  utility  of  all  proposed  scenarios. 
Om:  results  emerge  from  fully  quantum  mechanical,  state-of-the-art,  photodissocia- 
tioncalculations  which  include  seventeen  electronic  potential  energy  curves. 

In  addition,  we  wrote  several  invited  introductory®  and  advanced^’®’^^  review  articles, 
summarizing  our  increasingly  deeper  understanding  of  the  principles  and  range  of  utility 
of  coherent  control. 

This  report  provides  a  very  brief  sketch  of  results  obtained  during  the  past  three 
years  under  ONR  support.  In  particular,  we  provide  some  comments  to  introduce  the 
accompanying  preprints  and  reprints.  Details  are,  however,  given  in  instances  where  work 
is  in  progress  and  a  preprint  is  not  yet  available. 

In  addition  to  our  own  work  on  coherent  control  it  is  important  to  note  that  significant 


8 


progress  in  coherent  control  during  the  past  three  years  has  occurred  on  the  experimen¬ 
tal  front.  In  particular,  we  note  experiments  by  Gordon  (University  of  Illinois)  which 
demonstrate  control  over  two  product  channels  in  the  photoionization  of  HI  using  our 
1-photon  plus  3-photon  scenario  (  M.  Shapiro,  J.  Hepburn  and  P.  Brumer  Chem.  Phys. 
Lett.  149,  451,  1988)  and  the  demonstration  of  control  over  photocurrents  by  Corkum 
(National  Research  Council,  Ottawa),  an  extension  of  our  original  proposal  to  do  so  in 
doped  semiconductors  (G.  Kurizki,  M.  Shapiro  and  P.  Brumer,  Phys.  Rev.  B  39,  3435 
1989).  Finally,  note  the  experiment  on  Na2  in  item  (c)  above,  demonstrating  coherent 
control  over  multiple  products  in  a  bulk  thermal  environment.  These  experiments  reflect 
the  growing  experimental  interest  in  coherent  control. 

A.  The  Role  of  Laser  Phase  in  Coherent  Control  Scenarios  and  an  SEP  Approach  to 
Two  Color  Coherent  Control  (Refs.  3  and  5) 

Even  in  our  initial  paper  on  coherent  control  (P.  Brumer  and  M.  Shapiro,  Chem. 
Phys.  Letters  126,  541,  1986)  it  was  clear  that  an  essential  feature  of  control  was  the 
transfer  of  the  laser  phase,  upon  irradiation,  to  the  molecular  wavefunction.  During  the 
past  three  years  we  have  systematized  the  role  of  the  laser  in  coherent  control^  which,  in 
conjunction  with  nonlinear  optics  techniques,  allows  the  development  of  various  schemes 
which  minimize  the  role  of  the  coherence  of  the  laser  sources  in  coherent  control. 

In  particular,  we  noted  that  absorption  of  a  photon  from  a  CW  source  with  laser  phase 
<^i  contributes  a  phase  of  ( — <f>i)  to  the  continuum  molecular  wavefunction  whereas  stimu¬ 
lated  emission  by  a  CW  laser  with  phase  (f>2  contributes  a  phase  of  ^2  to  the  wavefunction. 
Utilizing  these  simple  rules  allows  us  to  design  and  analyze  the  relative  phase  associated 
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with  multiple  excitation  routes  to  the  continuum,  upon  which  coherent  control  depends. 
This  relative  phase  analysis®  is  now  a  fundamental  tool  in  our  approach  to  designing 
control  scenarios. 

As  an  example  we  designed  a  stimulated-emission-pumping  approach®  to  the  prepara¬ 
tion  of  a  superposition  state,  which  is  subsequently  photodissociated  in  our  original  two 
color  control  scenario  (M.  Shapiro  and  P.  Brumer,  J.  Chem.  Phys.  84,  4103  1986;  Chem. 
Phys.  Letters  126,  541, 1986  and  Faraday  Disc.  Chem.  Soc.  82,  177  1987).  The  particular 
nonlinear  optics  based  method  of  preparation  of  laser  frequencies  allowed  us  to  design  a 
scheme  which  was  relatively  insensitive  to  the  relative  laser  phase. 

B.  Incoherent  Interference  Control  (Refs.  4;9,11,13) 

At  the  start  of  this  granting  period  there  were  only  two  experimental  demonstrations  of 
coherent  control  (S.M.  Park,  S-P.  Lu,  and  R.J.  Gordon,  J.  Chem.  Phys.  94,  8622,  1991  and 
C.  Chen,  Y-Y.  Yin,  and  D.S.  Elliott,  Phys.  Rev.  Lett.  64,  507  (1990);  Phys.  Rev.  Lett.  65, 
1737  (1990))  both  of  which  showed  control  in  systems  with  a  single  controlled  product 
channel  and  both  of  which  utilized  collision-free  molecular  beam  conditions.  During  the 
course  of  this  granting  period  we  focused  heavily  on  the  important  goal  of  developing  a 
control  approach  which  would  be  useful  in  realistic  environments,  where  both  collisional 
and  thermal  effects  cause  loss  of  phase  coherence,  reducing  the  extent  of  control. 

We  reached  this  goal  by  introducing  a  new  high  field  control  scenario‘s  which  displays  a 
number  of  desirable  features.  Specifically,  consider  dissociating  a  molecule  by  irradiating 
it  with  frequencies  uji  and  u>2.  The  frequencies  are  chosen  such  that  toi  dissociates  a 
populated  bound  state  [  )  by  raising  it  to  energy  E  and  ^2  couples  an  unpopulated 
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bound  state  |  £^2 )  to  the  same  continuum  at  energy  E.  The  strong  field  nature  of  the 
two  fields  induce  multiple  excitation  pathways  to  the  continuum  which  interfere  with  one 
another.  An  analysis  of  the  laser  phases  imparted  to  molecules,  assuming  coherent  light 
sources  throughout,  shows  that  they  are  the  same  for  all  pathways.  This  result  has  two 
consequences:  (1)  that  the  scenario  is  relatively  insensitive  to  the  coherence  of  each  of  the 
lasers  and  (2)  that  the  phases  of  the  lasers  can  not  be  used  as  control  parameters  in  this 
scenario.  However,  the  frequencies  of  each  of  the  lasers  serve  as  useful  control  parameters, 
with  control  effective  over  a  range  proportional  to  the  power  broadening  of  the  bound 
levels.  Since  this  approach  does  not  rely  upon  laser  phases  and  since  it  is  inherently  less 
sensitive  to  laser  coherence  we  termed  this  approach  “incoherent  interference  control”. 

Further  studies®’^^’^^  of  incoherent  interference  control  in  Na2  showed  that  extensive 
control  over  all  atomic  photodissociationproducts  results  from  this  approach,  and  that 
the  addition  of  an  initial  resonant  excitation  step  (where  2uji  provides  sufficient  energy  for 
dissociation  and  where  uji  is  resonant  with  a  bound-bound  transition)  provides  an  effective 
means  of  doing  incoherent  interference  control  in  a  thermally  populated  molecular  sample. 

C.  Theoretical  Support  in  the  Incoherent  Interference  Control  of  Na2  in  the  Laboratory 
(Ref.  20) 

The  possibility  of  carrying  out  incoherent  interference  control  on  Na2  in  a  thermal 
sample  with  conventional  lasers  motivated  an  experimental  study  by  I.  Sofer,  A.  Shnitman, 
I.  Golub,  A.  Yogev  and  M.  Shapiro  at  the  Weizmann  Institute,  carried  out  in  conjunction 
with  theoretical  studies  by  Chen  and  Brumer  at  the  University  of  Toronto.  A  theoretical- 
experimental  interactive  approach  was  adopted,  with  experiment  guiding  theory  and  vice- 
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versa,  until  a  frequency  region  displaying  significant  control  was  identified. 

In  the  experiment,  Na2,  in  thermal  equilibrium  in  a  heat  pipe  at  T=370°C,  was  pho- 
todissociated  with  two  ordinary  nanosecond  lasers.  One  laser  was  fixed  at  17474.12  cm 
while  the  second  was  tuned  between  13,312  cm~^  and  13,328  cm  Products  of  Na2 
photodissociation  are  the  atomic  pairs  Na(3s)  +  Na(4s),  Na(3s)  +  Na(3d)  and  Na(3s)  + 
Na(3p).  Spontaneous  emission  from  the  excited  Na  atomic  products  were  dispersed  in 
a  spectrometer  and  a  detector  with  a  narrow  bandpass  filter  and  served  to  measure  the 
product  yields.  A  typical  Na(3d)  signal  is  shown  in  Fig.  1,  where  three  broad  deep  minima 
in  the  Na(3d)  yield  are  seen  as  a  function  of  a;2.  Also  shown  are  numerous  reproducible 
narrow  features  which  we  believe  arise  from  hyperfine  splittings.  A  theoretical  result 
showing  photodissociationout  of  a  single  initially  populated  state  (J=32,  v=0)  is  shown 
in  Fig.  2.  The  large  scale  dips  seen  in  the  experimental  results  are  clearly  visible  in  the 
computational  result.  Although  it  is  not  possible  to  fully  model  photodissociationout  of  a 
thermal  ensemble,  adding  the  results  of  photodissociation  out  of  a  number  of  initial  states 
adds  considerable  structure  to  the  theoretical  curve,  bringing  it  closer  to  the  experimental 
results. 

Considering  the  large  amount  of  uncertainty  associated  with  the  potentials  and  with  the 
assignment  of  initial  state  from  which  photodissociationprimarily  occurs,  the  agreement 
in  the  values  of  the  frequencies  at  which  the  deep  minima  occur  is  remarkable.  Cmrrent 
experimental  work  is  aimed  at  observing  the  theoretically  predicted  increase  in  the  Na(3s) 
+  Na(3p)  yield  at  those  a;2  frequencies  where  minima  in  Na(3s)  +  Na(3d)  are  observed. 

D.  Optimal  Control  in  the  Pump-Dump  Coherent  Control  Scenario  (Ref.  1) 
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Much  of  our  work  runs  counter  to  pulse  shaping  optimal  control  methods,  where  the 
suggestion  is  that  vast  increases  in  the  yield  of  desired  processes  would  result  from  highly 
sophisticated  laser  pulse  shaping.  Our  experience,  based  upon  large  numbers  of  results, 
is  that  highly  selective  control  can  be  achieved  by  using  relatively  simple  pulses,  e.g. 
Gaussian  or  CW.  Nonetheless,  in  order  to  investigate  the  utility  of  pulse  shaping  in  the 
weak  field  pump-dump  scenario  we  designed  a  useful  numerical  approach  to  the  control 
of  pulse  shapes  and  time  delays.  Specifically^  we  expanded  both  laser  pulses  in  harmonic 
bases.  Optimization  of  the  yield  difference  then  requires  the  solution  to  a  simple  set  of 
linear  equations.  This  leads  to  a  highly  effective  method  of  optimizing  the  difference  in 
yield  between  product  channels.  This  method  is  now  being  applied  to  photodissociationof 
both  Na2  and  to  a  number  of  model  problems^®. 

E.  Semiclassical  Propagation  (Ref.  7) 

Since  quantum  mechanics  will,  in  the  foreseeable  future,  be  limited  to  small  molecules, 
we  began  to  examine  possible  classical  and  semiclassical  methods  for  treating  laser  con¬ 
trolled  photodissociation. 

Classical  methods  have  been  highly  successful  in  providing  both  qualitative  and  quan¬ 
titative  results  on  unimolecular  and  bimolecular  heavy  particle  reactions.  Our  interest  is  in 
light-induced  reactions  and  simple  classical  trajectory  methods  have  also  been  applied  in 
such  cases,  e.g.  to  compute  photodissociation  cross  sections.  However,  the  methods  which 
have  been  developed  are  not  directly  applicable  to  control  since  simple  photodissociation 
calculations  only  require  the  computation  of  probabilities,  rather  than  the  required  pho- 
todissociationamplitudes.  We  have  begun  to  develop  semiclassical  methods  which  avoid 
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the  difficult  two-point  boundary  value  problem  (i.e.,  trajectory  root-searches)  associated 
with  standard  semiclassical  approaches,  to  compute  these  amplitudes.  Computations  on 
the  photodissociationof  HOD  based  on  one  such  approach^®,  the  initial  value  representa¬ 
tion  of  the  Moller  Wave  Operator,  are  currently  in  progress  and  are  discussed  in  detail  in 
our  proposal  for  future  ONR  support. 

During  the  course  of  this  research  grant  we  investigated  a  second  approach  to  semiclas¬ 
sical  propagation,  with  the  ultimate  intent  of  applying  the  method  to  photodissociation. 
Specifically,  we  implemented  Klauder’s  uniform  semiclassical  approximation  to  the  quan¬ 
tum  propagator  (J.R.  Klauder,  Phys.  Rev.  Lett.  56,  897,  1986).  This  approach  is  also 
in  the  spirit  of  an  initial  value  propagator  insofar  as  it  based  upon  trajectories  which 
carry  phases  and  which  therefore  can  interfere  with  one  another.  No  stationary  phase 
approximation  or  root  search  procedure  is  required. 

We  modified  Klauder’s  method  and  applied  it  to  a  relatively  complex  problem,  the 
dynamics  of  a  system  which  is  classically  chaotic.  The  results^,  which  required  propagat¬ 
ing  well  beyond  the  so-called  log  time  which  limits  van-Vleck  type  propagators,  showed 
excellent  agreement  with  the  exact  quantum  results.  Clearly  such  propagators  contain 
the  essential  physics  and  offer  the  possibility  of  computations  on  larger  molecules.  As  a 
consequence  we  propose  further  studies  on  such  semiclassical  propagators. 

F.  Quantum  Limitations  on  Control  in  Bound  Systems  (Ref.  10) 

In  addition  to  direct  applications  of  coherent  control  to  molecular  processes,  developing 
general  control  theorems  which  define  the  range  over  which  processes  can  be  controlled 
quantum  mechanically  is  an  important  goal.  In  a  recent  paper^®  we  considered  the  case  of 
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dynamics  emanating  from  an  initial  Hilbert  space  Wq  S'Hd  terminating  in  "Hi  and  7^2-  The 
dimensions  of  these  Hilbert  spaces  are  Mo,Mi  and  M2,  respectively.  A  typical  control 
goal  would  be  to  move  population  from  Ho  to  Hi  without  populating  7^2-  There  are 
two  possible  means  by  which  this  may  occur:  (1)  there  are  natural  processes  or  external 
fields  which  can  cause  this  transition  or,  if  there  are  not,  then  (2)  it  is  possible  to  linearly 
combine  states  in  Hq  such  that  this  goal  can  be  achieved.  We  showed,  in  a  concise 
theorem^°,  that  the  latter  is  virtually  impossible  if  M2  >  Mq,  but  achievable  if  M2  <  Mq. 
Of  particular  interest  is  that  this  theorem  (1)  applies  directly  to  individual  systems,  i.e. 
is  not  a  statistical  result,  and  (2)  that  it  is  a  purely  quantum  mechanical  result.  That  is, 
classical  mechanics  permits  control  imder  all  circumstances. 

G.  Control  of  Above  Threshold  Ionization  (Ref  12) 

Above  threshold  ionization  (ATI)  is  a  process  of  considerable  recent  interest.  We  have 
shown^^  that  the  phase  and  intensity  variations  in  the  1-photon  plus  3-photon  scenario 
provides  a  powerful  means  of  controlling  both  partial  and  total  ionization  rates  as  well 
as  differential  quantities  such  as  the  angular  alignment  of  the  each  kinetic  energy  peak. 
Indeed  studies  on  ATI  in  hydrogen  show  that  proper  combinations  of  phase  and  intensity 
ratios  allow  for  extensive  control. 

H.  Dephasing  in  Condensed  Phases:  Electronic  Spectroscopy  of  Adsorbates  (Ref.  15) 

Dephasing  processes  are  generally  detrimental  to  control.  For  example,  in  the  gas  phase 

collisional  and  thermal  broadening  effects  tend  to  diminish  control  and  must  be  overcome 
by  explicit  design  (see,  e.g.  M.  Shapiro  and  P.  Brumer,  J.  Chem.  Phys.  90,  6179,  1989  and 
Ref.  23).  For  systems  in  the  condensed  phase  (e.g.,  molecules  in  solution  or  on  surfaces) 
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it  is  coupling  to  the  environment  which  results  in  the  loss  of  phase  information  necessary 
to  coherent  control. 

We  have  begun  to  examine  the  question  of  control  of  molecules  on  surfaces  and  to 
investigate  the  nature  of  the  molecule-surface  coupling.  In  particular,  we  have  designed  a 
model  theoretical  and  computational  approach  to  the  electronic  spectroscopy  of  molecules 
on  surfaces.  To  do  so  we  generalized  the  Caldiera-Leggett  approach  and  derived^®  a  useful 
model  for  the  electronic  spectrum  of  a  molecule  on  a  non-static  surface,  suitably  averaged 
over  surface  modes.  Applications  to  IBr  on  MgO(OOl)  allow  a  phenomenological  treatment 
of  the  decreasing  sharpness  of  spectra  with  increasing  surface-molecule  coupling.  The 
resultant  model  should  allow  studies  of  coherent  control  of  photodissociation  of  molecules 
on  surfaces. 

Additional  Work  in  Progress 

In  addition,  major  studies  have  been  initiated,  on  the  effect  of  partial  laser  coherence 
in  the  1-1-3  control  scenario^’’’,  on  incoherent  interference  control  using  laser  pulses^^,  and 
on  an  initial  value  representation  based  approach  to  propagation  in  polyatomic  systems 
These  topics  form  components  of  the  research  which  we  propose  in  our  request  for  renewal 
of  this  grant.  They  are  therefore  discussed  in  detail  in  the  proposal. 
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II  is  demonstrated,  with  specific  application  to  pump-dump  control,  that  optimal  control  problems  are  substantially  simplified' 
by  focusing  on  the  regime  of  weak  laser  fields.  Under  such  circumstances  complex  nonlinear  problems  of  strong  field  optimal 
control  are  replaced  by  far  simpler  numerical  tasks. 


Laser  control  over  the  ratio  of  product  yields  in 
chemical  reactions  has  been  the  subject  of  consid¬ 
erable  interest  over  the  past  few  years  (for  a  recent 
review,  see  ref.  [  1  ] ),  with  two  principal  approaches 
dominant.  The  first,  coherent  radiative  control  of 
chemical  reactions,  relies  on  defining  two  or  more 
coherent  optical  pathways  to  the  energy  at  which 
products  are  formed.  Such  multiple  pathways  intro¬ 
duce  quantum  interference  effects  which  lead  to  con¬ 
structive  enhancement  and  destructive  depletion  of 
particular  products.  By  proposing  specific  laser-based 
scenarios  with  well  defined  control  parameters,  the 
coherent  control  approach  provides  the  experimen¬ 
talist  with  specific  laboratory  parameters  which  are 
to  be  varied  in  order  to  control  product  yields.  In  ad¬ 
dition,  coherent  control  theory  has  been  applied  to 
many  computational  examples  showing  a  vast  range 
of  control,  over  the  product  ratio,  resulting  from  this 
technique  (for  recent  computations,  see  ref,  [2]). 
Such  computations,  and  the  formalism  of  coherent 
control  theory  have,  thus  far,  focused  on  weak  laser 
fields  where  quantum  interference  effects  are  readily 
proposed  and  understood. 

The  second  route  which  has  received  considerable 
attention  is  that  of  optimal  control  theory  (OCT), 


in  which  laser  pulse  shapes  and  sequences  are  de¬ 
signed,  through  optimal  control  theory,  to  achieve 
specific  objectives  [1,3-6].  For  the  case  of  control 
over  reactive  yields  most  attention  has  been  focused 
on  simple  model  systems  as  efforts  continue  to  solve 
major  computational  technique  problems  associated 
with  the  optimal  control  problems  set  up  by  this  ap¬ 
proach.  OCT  studies  have  tended  to  focus  on  the  use 
of  high  fields.  Thus,  coherent  control,  as  applied  thus 
far,  is  a  theory  which  is  linear  in  the  laser  fields  and 
in  which  one  maximizes  the  long-time  reactive  prob¬ 
abilities  using  weak  fields;  optimal  control  theory  is 
a  non-linear  theory  involving  strong  laser  pulses  in 
which  one  attempts  to  attain  general  objectives. 

The  purpose  of  this  Letter  is  to  demonstrate  that 
examining  optimal  control  in  the  weak  field  regime 
where  perturbation  theory  is  valid  provides  an  im¬ 
portant  new  direction  which  allows  the  rapid  and  ef¬ 
ficient  design  of  pulses.  These  results  follow  upon  a 
previous  demonstration  [7,8]  that  perturbation  the¬ 
ory  provides  a  powerful  contribution  to  control  op¬ 
timization.  Specifically,  we  showed  [7  ]  that  an  exact 
solution  for  the  problem  of  obtaining  total  yield  con¬ 
trol  is  achievable  in  the  weak  field  regime.  That  re¬ 
sult  was,  however,  restricted  to  molecules  with  spe- 
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cific  resonance  characteristics  and  required  a 
sufficient  number  of  available,  phase  related,  inde¬ 
pendent  laser  frequencies. 

The  advantages  of  examining  weak  fields  in  op¬ 
timal  control  results,  as  shown  below,  from  the  fact 
that  optimal  pulse  shapes  can  be  obtained  without 
the  need  for  a  tedious  nonlinear  optimization  pro¬ 
cedure.  This  advantage,  which  we  formulate  below 
for  the  pump-dump  scenario  [3,9]  is  readily  ex¬ 
tended  to  the  host  of  other  scenarios.  In  this  Letter, 
we  focus  upon  the  theory;  computational  studies  on 
a  variety  of  systems  are  in  progress. 

Consider  a  sequence  of  two  pulses,  one  serving  to 
excite  a  molecule  to  a  set  of  intermediate  bound  states 
with  wavefunction  v'/  ^nd  energy  Ei,  and  the  second 
to  dissociate  these  states.  We  denote  the  two  pulses 
(fc=l,  2)by 

=  I  d<y  exp[-icu(r-z/c)]  +  c.c.} 


=  J  dcu  [e‘*’(<y)  exp(-ic;r)+c.c.] , 

(1) 

where  e<*>(<y)s€<*>(ct))  exp(icuz/c),  with  z  being 
the  propagation  direction.  The  wavepacket  formed 
during  the  action  of  this  pulse  on  some  initial  state 
V'j  is  given,  in  first-order  perturbation  theory  [11,12] 

as 

i 

Xexp(— i£,t/^) , 

(2) 

where 

(3) 

The  coefficients  c,(r)  are  “universal”  preparation 
coefficients,  related  to  by 


g(.)-^  j  dt'6<'>(t')exp(i<u,r) 


with  0)i  s  (£/ — iE*g )  //i. 

The  C;  coefficients  describe  the  buildup  of  each  level 
during  the  pulse.  They  are  given  by  [11,12] 

for/-^-oo 

and 

forr-^oo.  (5) 

Consider  now  the  effect  of  the  second  pulse, 
(0,  01^  this  bound  superposition.  Using  eq.  (5), 
we  can  write  the  wavepacket  formed  as  a  result  of  the 
combined  action  of  the  two  pulses,  at  the  end  of  the 
dissociation  pulse,  as 

^<2)(r)  =  -2;c/^^  f  d£XZ 

^  i 

X  exp  ( -  (£) 

xexp(-i£f/ft),  (6) 

where  o)Ej  =  {E-Ei)/fi,  are  the  incoming 

scattering  eigenstates  of  the  field-free  Hamiltonian, 
and 

//«»•*->  (£)s<^/-„(£)iJZlv',■>  (7) 

is  a  transition-dipole  matrix  element  between  the  ith 
intermediate  state  and  the  scattering  states. 

The  probability  of  observing  a  given  product 
chaimel  labeled  by  arrangement  quantum  label  q  at 
infinite  time,  irrespective  of  the  value  of  the  other 
{v,  E)  quantum  numbers,  is  given,  using  the  long¬ 
time  properties  of  the  incoming  scattering  states  [13] 
as 

£(«>=  f  dE'ZPl^HE) 

J  y 

=4;iV«''fd£l  I  )jt,,c,(r) 

J  V  i 

2 

Xexp(-i£,-T/fi)€-‘^>(cUi:,);i/«’‘’>(£)  .  (8) 

Eq.  (8)  can  be  conveniently  rewritten  as 

£<*>=  X  </}J’eoC,(T)c;(T)  expi-icoijx) ,  (9) 

u 

where 


For  the  use  of  pump-dump  schemes  in  the  context  of  coherent  cj.j  /ft  ^ 

radiative  control,  sec  ref.  [10]. 
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d<f  f  dE  Z 

J  tf 

(10) 

and 

=  .  (11) 

Here  we  consider  maximizing  either  probability  in 
a  single  channel,  i.e.  or  the  selectivity  of  one 
channel  in  preference  to  another,  i.e. 

Optimization  is  carried  out  subject  to  the  constraint 
of  fixed  average  pulse  power,  i.e.  (fc=  1,  2) 

yw=  |d£y£<''>(a>)€‘*>*(w)=/<*’.  (12) 

Thus  we  wish  to  maximize  either 

,  (13) 

or 

=/»(■?■  ^  (14) 

or  where  A,-,  /=  1,  2  are  Lagrange  multipliers. 

Solving  these  problems  is  conveniently  carried  out 
by  expanding  each  field  in  an  orthonormal  basis  set 
{u„{co,  x)}  (e.g.  harmonic  oscillator  eigenfunctions), 

4(»((y)=  ^  a„«„((W,X,)  , 

m 

€W((U)=  Sd„«„(£U,X2),  (15) 

n 

where  efforts  are  now  directed  at  obtaining  the  op¬ 
timizing  bn^ 

The  optimization  problem  can  now  be  reduced  to 
the  iterative  solution  to  a  set  of  linear  equations  in 
the  following  way.  Defining 

U„m’JJ  =  U^{COi,  Xi)U„.{COj,  Xi  )/t/.Xg  ,  (16) 

and 


djf=lb„b:.Xi,%.  (19) 

nn* 

Using  eqs.  (9),  (18)  and  ( 19),  we  can  write  as 
a  double  bilinear  form  in  the  a„  and  b„  coefficients, 

P<^)=  X  I  bnb%.Y<!SlM^) ,  (20) 


u 

XC/(t)c;{t)  exp(-ia;,-jT) .  (21) 

With  the  availability  of  powerful  time-indepen¬ 
dent  computational  techniques  [  1 4, 1 5  ]  for  both  the 
bound-bound  ///.g  and  bound-free  matrix 

elements,  the  hence  YiSm\nn'{^) 

matrices  are  calculable  for  many  realistic  systems. 

The  extrema  of  eqs.  (13)  or  (14),  obtained  via 
the  relations 


—  Ai^m,m'^  =  0  , 

I  a„al,.Y\Sl,„Ax) 

OO/j  n'  \m,m' 

-A25„.,-)  =  0  , 


result  in  a  set  of  nonlinear  equations  in  the  field 
coefficients  bm^  These  equations  can  be  solved  it¬ 
eratively  as  a  set  of  linear  equations  by  first  defining 

(24) 

n,n* 

Z  (25) 

m,m' 


X  Z  f  «„(CU£.i,X2)«„.(CU£j,X2) 

V  • 

,  (17) 

we  have  that 

£/j=  Z  a„aZ,.U„„.,ij  (18) 

mm* 


The  iteration  proceeds  by  assuming  that 

(26) 

where  b  (a)  is  a  row  vector  composed  of  the  bn  {dm) 
coefficients. 

Eq.  (26)  reduces  eq.  (22)  to  a  set  of  algebraic-ei¬ 
genvalue  equations, 

fl(*“YJi?.UT)6'^-2il)=0,  (27) 
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where  I  is  the  identity  matrix,  -  the 

matrix,  in  thc  b  space.  These  equations 
are  solved  for  the  a  matrix,  out  of  which  the  a  row 
of  coefficients  corresponding  to  the  A,  eigenvalue 
which  maximes  is  chosen.  These  coefficients  are 
used  to  update  the  A  matrix  of  eq.  (25),  and  solve 
the  eigenvalue  equation  for  the  b  coefficients, 

^(A-A2l)=0.  (28) 

The  b  row  corresponding  to  the  A  2  eigenvalue  which 
maximizes  the  objective  is  chosen  to  update  B. 
The  process  is  repeated  until  convergence. 

The  fields  thus  generated  are  still  a  function  of  the 
delay  time  r,  which  is  treated  here  as  a  nonlinear  pa¬ 
rameter.  It  is  possible  to  solve  the  above  set  of  equa¬ 
tions  for  every  value  of  t  and  to  obtain  the  optimal 
value  of  the  time  delay  between  the  pulses  as  the  one 
corresponding  to  the  global  maximum  of  (t). 

The  discussion,  as  well  as  our  previous  iV’-level 
theorem  [7]  for  total  control  in  a  particular  sce¬ 
nario,  shows  that  the  weak  field  regime  constitutes 
an  important  area  for  consideration  in  optimal  con¬ 
trol  theory.  It  offers  the  opportunity  to  obtain  op¬ 
timal  pulse  shapes  via  comparatively  simple  numer¬ 
ical  approaches.  In  addition,  contrary  to  popular 
expectation,  one  can  produce  substantial  product  us¬ 
ing  weak  fields.  Specifically,  numerical  studies  [16] 
indicate  that  fully  20%  of  the  ground  state  may  be 
dissociated  while  the  system  remains  in  the  pertur¬ 
bation  theory  limit.  Thus,  adequate  total  yields  may 
also  be  achieved  in  this  regime. 

Further  studies  are  in  progress  [17]  applying  this 
approach  to  a  number  of  specific  molecular  systems. 

We  acknowledge  support  from  the  US  Office  of 
Naval  Research  under  contract  No.  N00014-90-J- 
1014. 
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An  understanding  of  the  qualitative  structure  of  this  yield  ratio  (see  Section  where  Aco,  =  £-£,-.  We  then  ask  for  the  yield  ratio  R  under  these  circum- 

6.2.C)  is  crucial  to  recognizing  the  difficulties  associated  with  experimental  stances.  A  straightforward  computation  [1]  gives  the  result: 
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This  paper  is  dedicated  to  Professor  John  C  Polanyi  on  the  occasion  of  his  65th  birthday 
Jeffrey  Dods,  Paul  Brumer,  and  Moshe  Shapiro.  Can.  J.  Chem.  72,  958  (1994). 

Extensive  control  over  relative  product  yields  is  shown  to  result  from  weak  laser  photodissociation  in  a  two-color  coherent 
control  scenario.  Photodissociation  lakes  place  from  a  superposition  state  prepared  by  stimulated  emission  pumping.  The 
method  allows  for  control  in  the  presence  of  laser  phase  jumps  by  using  four-wave  mixing  to  prepare  the  required  laser 
frequencies.  The  near  UV  photodissociation  of  Na2,  resulting  in  the  Na(35)  +  Na(45)  and  the  Na(35)  +  Na(3i/)  products,  is 
used  to  illustrate  the  method. 
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On  demontre  que  les  rendements  relatifs  en  produit  peuvent  etre  fortement  controles  par  une  photodissociation  faible  au 
laser  dans  un  scenario  de  controle  coherent  en  deux  couleurs.  La  photodissociation  se  produit  par  un  etat  de  superposition 
prepare  par  un  pompage  stimule  d* emission.  La  methode  permet  de  realiser  un  controle  en  presence  de  sauts  de  phase  du 
laser  en  utilisant  un  melange  de  quatre  ondes  pour  preparer  les  frequences  laser  requises.  Pour  illustrer  la  methode,  on  utilise 
la  photodissociation  dans  le  proche  UV  du  Na2  qui  conduit  aux  produits  Na(35)  +  Na(45)  et  Na(35')  •fNa(3if). 

(Traduit  par  la  redaction] 


1.  Introduction 

The  past  few  decades  have  seen  enormous  progress  in  our 
understanding  of  the  detailed  dynamics  of  chemical  reactions, 
and  J.C.  Polanyi’ s  pioneering  leadership  in  this  area  is  widely 
acclaimed.  This  knowledge  base  has  allowed  recent  progress 
(1,  2)  towards  an  essential  goal  of  practical  chemistry,  control 
over  chemical  reactions.  Our  technique  of  coherent  radiative 
control  (1)  affords  a  method  of  controlling  molecular  dynamics 
by  exploiting  quantum  interference  phenomena.  For  example, 
in  photodissociation  of  a  molecule  at  energy  E  where  a  num¬ 
ber  of  products  are  present,  control  over  relative  product  yield 
can  be  achieved  by  introducing  two  or  more  simultaneous  ex¬ 
citation  routes.  Varying  the  intensity  and  relative  phases  of  the 
lasers  used  to  excite  the  molecule  allows  one  to  directly  al¬ 
ter  the  interference  between  these  routes  and  hence  to  directly 
alter  the  reaction  yield. 

Thus  far  we  have  devised  a  number  of  scenarios  that  rely 
upon  this  interference  principle  and  that  utilize  either  CW  or 
pulsed  laser  excitation  sources.  Here  we  introduce  a  specific 
scenario,  which  embellishes  our  first  control  scheme  (3)  and 
which  allows  us  to  bypass  deleterious  incoherence  effects  due 
to  laser  jitter.^  Briefly,  the  scheme  involves  two  steps:  prepara¬ 
tion  of  a  molecular  superposition  state  by  stimulated  emission 
pumping  (SEP),  followed  by  photodissociation  after  a  suitable 
time  delay.  If  the  frequencies  used  are  prepared  by  an  appro¬ 
priate  nonlinear  mixing  scheme  then  we  show  that  the  me±od 
is  insensitive  to  any  laser  jitter  inherent  in  the  light  sources. 
In  the  next  section  we  give  a  more  detailed  overview  of  the 
control  scheme.  Subsequent  sections  describe  the  details  of  the 
method  and  give  applications  to  the  photodissociation  of  Na2. 

2.  One  photon  vs,  one  photon  coherent  control 
2./  Overview 

The  first  coherent  control  scenario  (3)  considered  the  photo- 

^  Author  to  whom  correspondence  may  be  addressed. 

"For  an  alternate  two-photon  vs.  two-photon  control  scheme  for 
overcoming  interference  loss  due  to  phase  jumps  and  thermal  effects 
see  ref.  4. 


dissociation,  at  energy  E,  of  a  molecule  in  a  superposition  of 
two  bound  states  |Ei)  and  |£2)-  The  ratio  of  dissociation  prod¬ 
ucts  could  be  varied  by  altering  the  relative  phase  and  intensity 
of  two  coherent  sources,  of  frequencies  (JE  —  Ei)/h{i  =  1,2). 
In  addition,  we  demonstrated,  through  a  quantitative  study  of 
products  in  methyl  iodide  dissociation,  that  the  range  of  prod¬ 
uct  control  can  be  extensive.  A  subsequent  study  of  the  utility 
of  this  scenario  in  the  presence  of  collisions  (5)  showed  that 
control  survived  over  a  reasonable  temperature  range. 

In  this  paper  we  demonstrate  that  by  preparing  the  initial 
state  in  a  specific  fashion  we  are  able  to  construct  an  experi¬ 
mental  scheme  that  is  readily  implemented  and  that  minimizes 
deleterious  effects  due  to  laser  jitter.  In  addition,  the  method  al¬ 
lows  for  the  preparation  of  superposition  states  where  (£2— -^i) 
can  be  large,  aiding  in  the  supression  of  uncontrollable  com¬ 
petitive  photodissociation  routes. 

Briefly,  we  propose  to  use  a  frequency  coo  to  pump  two  dye 
lasers  at  frequencies  and  CO2.  Tlie  quantity  h  (coj  —  CO2)  is 
chosen  equal  to  {Ej  —  £/),  the  energy  difference  between  |£;} 
and  l£|),  two  vib-rotational  levels  on  the  ground  electronic 
surface.  The  molecule  (see  Fig.  1)  is  then  irradiated  with  (0\ 
and  CO2  light  for  a  fixed  time  period,  resulting  in.  preparation  of 
the  superposition  state  via  stimulated  emission  pumping  (6). 
After  some  selected  time  delay  the  molecule  is  photodissoci- 
ated  with  two  frequencies  (coo  +  coj)  and  (CO0  +  CO2)  prepared  by 
mixing  the  coi  and  CO2  beams  with  coq  in  a  nonlinear  crystal. 
Simultaneous  excitation  to  energy  £  results,  with  interference 
effects  controlled  by  the  relative  intensity,  and  phases  of  the 
two  routes.  Phase  jitter  effects  are  eliminated  and  uncontrol¬ 
lable  satellite  cont^butions  can  be  minimized,  as  discussed 
below. 


2.2  Superposition  preparation 
Consider  the  molecule,  defined  by  Hamiltonian  with 
eigenstates  |£y)  of  energy  £y,  which  is  subject  to  the  time- 
dependent  perturbation  V{t),  The  standard  solution  (7)  is  given 
by  the  wavefunction  lv(0)- 
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V\t)  =  ^xpQH^t/h  )V(t)  exp(-/W„,//A ) 

In  the  case  of  SEP  preparation,  V(t)  describes  the  influence  of 
two  laser  fields  with  frequencies  COi  and  0)2,  and  amplitudes 
ei,€2,  i.e., 

[4]  V(t)  =  ~J,jei(coi)cos(coif  +  <t)i) 

—  dc^e2((i>2)  cos{(£ht  +  ^2) 

Here  the  d^.  is  the  component  of  the  transition  dipole  moment 
operator  along  the  direction  of  the  ith  linearly  polarized  elec¬ 
tric  field.  Expanding  the  exponential  function  in  eq.  [2]  in  a 
power  series,  truncating  after  the  third  term,  and  assuming  the 
initial  state  IvCro)}  to  be  the  /th  vibration-rotation  level  of  the 
ground  electronic  state  with  no  population  in  states  |Ey)  ^  |E/), 
allows  us  to  rewrite  eq.  [2]  as 


[5]  aj(t)  =  {Ej\l-^  V\t'W  V\t")<it"\Ei) 

Both  the  first  and  second  matrix  elements  are  zero,  the  first  by  orthogonality  and  the  second  (the  first-order,  one-photon  transition) 
because  the  transition  between  |E/)  and  \Ej),  which  belong  to  the  same  electronic  surface,  is  assumed  dipole  forbidden. 

To  evaluate  the  third  term  we  insert  complete  sets  of  states  between  the  integrals.  We  can  limit  consideration  to  a  particular 
vibration-rotation  level  of  an  intermediate  electronic  state  (denoted  |Em))  if  ^nd  CO2  are  tuned  to  resonance.  Choosing  coi 
resonant  with  the  Ei  — +  E^  transition  and  cch  with  the  stimulated  ^  Ej  emission,  we  can  rewrite  eq.  [2]  as 

[6]  ajit)  =  jTV  ^xp(i(Ej  -  E^)t'/h){Ej\V([')\Eu)  df"  exp(/(£N  -  Ei)t" l%){E^\V{t'')\Ei) 

Substituting  the  explicit  form  of  V{t)  we  obtain,  in  the  rotating  wave  approximation  (i.e.,  retaining  absorption  of  |E/)  to  |En) 
and  emission  from  |£n)  to  |£y)),  that 

1  r 

[7]  aj{t)  = dt' &xp{i(Ej-Eu  +  hoi2)t'/h +1^2) 

X£2(C02)(£;|i/£j|£N>  [  dt"  e\p(i{E}i-Ei-ho)i)t"/A  - /(()i)ei(coi)(£N|£/e,|£/) 
Jto 

Evaluating  the  integrals  gives 

[8]  fly(/)  =  (r  —  ro)^ei(COi)e2(a)2)(£y|(i£2|£N)(£N|^ei  exp(zX<i)2  —  <t)l)) 

[9]  =  exp(/(<l)2  -  <1)1  +  py)) 

where  aj  denotes  the  absolute  magnitude  of  the  post-preparation  coefficient  of  state  |£/)  and  Piy  is  the  phase  of 
(£Nl<icj£f).  Equation  [1]  therefore  acquires  the  explicit  form 

[  10]  l\i/(r))  =  \Ei)  cxpi-iEitIh )  +  aJ  exp(/(fc  -  <i>i  +  Py  -  Ejt/h  ))\Ej) 

Equation  [10]  neglects  the  term  in  |£n),  which  is  justified  if,  as  below,  subsequent  photodissociation  from  [En)  is  negligible  due 
to  poor  Franck-Condon  factors. 

It  is  convenient  to  begin  the  photodissociation  at  time  zero.  To  allow  this  we  shift  the  zero  of  time  by  starting  the  SEP 
prep^ation  step  at  time  — (T  +  Xp)  and  terminating  it  at  time  — T.  The  molecular  state  at  the  time  the  SEP  preparation  is 
completed  (t  =  —T)  is  then 

[11]  |v(-71)  =  |£,)  +  a?exp(/(())2-(]),+p,y))|£,) 

and  the  state  at  a  time  just  before  the  turn  on  of  the  photodissociation  laser  is 

[12]  ^  IVCO))  =  |£,)  exp(-/£,-r/ft  )  +  af  exp(/(<))2  -(]),+  p,y))|£;)  exp(-/£yr/ft ) 


[1]  |\j/(r))  =  ^a;(r)|£;)exp(-j£yr/ii) 

J 

where 

[2]  ajit)  =  (£y|v'(0> 

=  (£^  iT  exp  jT'  W(to)) 

Here  T  is  the  time-ordering  operator  and  y^(r)  and  |V(0) 
denote  the  perturbation  and  wavefunction.  in  the  interaction 
representation.  That  is 

[3]  IvW)  =  exp(-/H„,r//L)|VW) 

and 
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TT,n<  the  final  outcome  of  the  molecular  preparation  step  leaves  the  molecule  in  a  superposition  of  bound  states  with  ph^es 
Stated  by  relative  laser  phase  and  time  delay  before  the  photodissociation  pulp.  Note  also  that  the 

•he  relative  laser  phase  {<i)2  -^i),  with  positive  phase  contribution  <if2  from  emission  and  negative,  -^u  from  absorption.  Below 
i  will  see  that  the  form  of  these  phases  is  crucial  to  the  coherent  control  scheme. 

^izonSet  nmv  photod^  prepared  superposition  state  of  eq.  [12]  by  two  CW  lasers  of  frequency  ©f;  =  {E-Ei)fk 

and  (Osj  =(.E-  Ej)/h  (or  by  pulses  containing  these  frequencies); 

[13]  e(i)  =  cos(©£;/  +  <j>4)  +  e3(®£j )  cos(©£^./  +  <4)3) 

To  obtain  the  photodissociation  amplitudes  b(,Enq\t  — ►  00)  we  expand  the  wavefunction  as 


I Y(0)  =  Ci(/)1£.)  exp  f  -  ^  +  X]  /  '^  E'b(E'nq\t)\E’nq  )  exp  ^  h  ^ 

i  ^  '  nq  •’ 


and  solve  for  b{Enq\f).  Here  \Enq-)  are  incoming  scattering  wave  functions  which  asymptotically  go  to  products  at  energy  £  in 
arrangement  channel  q  and  internal  quantum  numbers  n;  in  diatomics,  n  is  simply  the  scattering  angle  vector  k.  Assuming  the 
fields  are  sufficiently  weak  we  have  Ci{t)  =  af  at  all  times  and,  at  long  times,  (3). 


— b{Enq\t  oo)  =  e4(C0£,)(£«9  exp(  “  '(<)>co£,  +  EiTjh)) 

/tt  / 


+  aPjt2{<iiEj){Enq  Ids, l£/)  exp(j'(<{>2  -  <i>i  +  Py  “  ~  EjTfh)) 


with  E  =  Ei  +  h  ©£;  =  Ej  +  h  (Hej-  The  probability  of  forming 
Dduct  in  product  channel  q  at  energy  E  is  given  by  £(<?;  E)  — 
iim,_co  ITn  \i>{Enq\t)^.  This  assumes  a  convenient  form  if  we 
introduce  the  notation 

[16]  dl  =  ldk\{Enq-\d,,\Ei)f 

[17]  dl,  =  ldk\{Enq-\d,,\Ej)\^ 

[18]  df4  =  Idf4lexp(iaf4) 

=  j  dk{Ej\d^^\Enq~){Enq~\d,jEi) 

Expanding  the  square  in  \b{Enq\t)\'^  allows  us  to  write  the  yield 
R(q;  E)  to  observe  products  in  channel  q,  with  energy  E  as 


[19]  R{q-,  E)  = 


P(,q-,E)  +  P(,q';  E) 


[20]  P(q-,  E)(xdU+  x^dfi  +  2xldf4l  cos(<I>  +  p.y  +  a|4) 

Here  we  have  left  out  proportionality  factors  irrelevant  to  R 
and  have  introduced  the  notation: . 


0  ~  (!>cO£^. 

[22] 

^2?€3(COr) 

X  r=  ^ 

e4(©£.) 

Equation  [20]  comprises  three  terms,  direct  photodissociation 
of  levels  \Ei)  and  \Ej)  plus  an  interference  term  between  these 
routes.  It  is  evident  from  eq.  [20]  that  changing  either  x  or 
O  will  result  in  a  variation  in  the  probability  Piq;E).  Both 
variables  comprise  experimentally  controllable  parameters  in¬ 
cluding  the  relative  phases  and  intensities  of  the  excitation 
sources  in  both  steps,  as  well  as  the  time  delay  T  between 
preparation  and  dissociation.  Varying  these  control  parameter- 
s  in  the  laboratory  allows  direct  control  over  the  interference . 
term  and  hence  over  the  product  distribution. 

Additional  photodissociation  at  energies  other  than  E,  the 
so-called  satellite  contributions,  also  occur.  These  correspond 
to  the  photodissociation  of  l£,)  by  absorption  of  to  energy 
E  +  Ei  —  Ej  and  the  photodissociation  of  l£,)  by  absorption  of 
©£.  to  energy  E  +  Ej-  £,•.  Since  there  is  only  one  pathway  to 
each  of  these  energies,  they  correspond  to  uncontrolled  pho¬ 
todissociation  pathways.  However,  this  scenario  allows  large 
(£,•  —  Ej)  so  that  these  absorptions  may  be  placed  outside  of 
the  continuum  absorption  range. 

2.4  Countering  phase  incoherence 

Relying  on  independent  lasers  for  state  creation  and  sub¬ 
sequent  photodissociation  has  serious  disadvantages.  Specifi¬ 
cally,  if  the  four  relative  laser  phases  within  are  unstable 
or  uncorrelated  then  phase  fluctuations  during  the  interaction 
of  the  molecule  with  four  independent  lasers  can  lead  to  ex¬ 
tensive  phase  averaging.  Such  phase  averaging  destroys  the 
coherence  vital  to  coherent  control.  However,  a  simple  exper¬ 
imental  scenario  resolves  this  problem.  In  particular,  consider 
using  a  single  CW  laser  of  frequency  CDo  to  pump  two  dye 
lasers  at  frequencies  ©t  and  C02-  The  associated  laser  phases 
are  denoted  •ti.  ^tl  <))2.  The  three  frequencies  are  chosen 
such  that  (©0  +  ©i)  =  (©o  +  ©2)  =  ©£j  -  If  ©1  anti  ©0.  as 
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Fig.  1.  Schematic  of  the  coherent  control  scenario.  The  phase  of 
route  one  (excitation  by  coo  +  0)i)  imparts  to  the  continuum  state 
({)o+<t)i.  Similarly,  the  phase  impaned  in  route  two  (coi ,  CO2)  preparation 
followed  by  CO0  +  CO2  dissociation  equals  (<*>1  —  (!)2+‘l>o+^2)  = 


4  6  8  10  12  14  16  18  20 

R  (au) 


Na(3s)  +  Na(3d) 
Na(3s)  +  Na(4s) 


Na(3s)  +  Na(3p) 


Na(3s)  +  Na(3s) 


Fig.  2.  The  most  relevant  Na2  potential  curves  are  shown: 

(2)%,  (3)5n„.  (4)‘n„.  (5)'ng,  (eyz,,  (7)%,  (syr,.  (9)^i„,  (io)‘n„. 
(ll^riu,  (12)^Iu,  Additional  states  included  in  the  computation  but 
omitted  here  for  clarity  are  as  follows:  one  two  ^Ig,  and  one 
^rig,  which  are  asymptotic  to  the  Na(3^)  +  Na(3p)  product,  and  one 
^Ig  state  that  is  asymptotic  to  the  Na(35)  +  Na(45)  product. 


well  as  CO2  and  coo»  are  mixed  in  a  nonlinear  crystal  then  the 
created  frequencies  (CDo  +  coi)  =  C0£.  and  (CO0  +  CO2)  =  co£y  have 
phases  +  <j)i  and  (j)o  +  <j)2,  respectively. 

With  this  mode  of  frequency  preparation  the  phase  O  as¬ 
sumes  the  form: 

[23]  O  =  (S)<0£.  —  (<!>i  -  $2  +  ^oe.)  +  —  Ej)T/h 

[24]  =  ((j)o  +  ^i)  —  ((!)i  —  <1)2  +  ^0  +  ^2)  + 

[25]  =iEi--Ej)T/h 

Thus  the  phase  difference  between  the  two  routes  is  indepen¬ 
dent  of  the  laser  phases  and,  in  particular,  independent  of  the 
fluctuations  in  the  laser  sources.  , 

An  enlightening  qualitative  picture  of  the  phases  associated 
with  the  two  excitation  routes  to  dissociation  is  shown  in  Fig. 
1.  Route  one  to  dissociation  is  excitation  from  level  |E,-)  via 
€4(co£-);  the  created  state  acquires  the  phases  [—{^0  •+  <l>i)]- 
Route  two  is  a  three-photon  route,  from  |£;)  to  |En)  to  |E;)  to 
the  continuum.  Phase  accumulated  along  ^is  route  is  [— + 
(])2  —  ((jyQ  +  <^)]  =  [—(<1)0  +  ^\)]-  Hence  both  excitation  routes 
result  in  the  same  accumulated  phase  and  the  phase  difference 
between  them  cancels. 

Laboratory  control  over  the  phase  then  corresponds  to  vary¬ 
ing  T  or,  if  preferred,  deliberately  introducing  an  additional 
phase  delay  between  the  two  routes.  We  therefore  extend  the 


definition  of  O  to  include  any  experimentally  introduced  ad¬ 
ditional  phase  delay. 

3,  Results 

Although  this  control  scheme  is  applicable  to  a  wide  range 
of  molecules,  it  is  convenient  to  choose  a  particular  system, 
e.g.,  Na2,  to  demonstrate  the  method.  We  first  consider  some 
photodissociation  amplitudes  characteristic  of  the  energy  range 
of  interest.  Appendix  A  provides  additional  details  on  the  na¬ 
ture  of  these  ciculations;  below  we  will  discuss  only  the  qual¬ 
itative  results  of  the  photodissociation  and  the  coherent  control 
of  products  Na(35)  +  Na(45)  vs.  Na(35)  +  Na(3i/). 

3J  Naz  photodissociation 

A  total  of  17  Na2  electronic  states  (8)  were  included  in 
the  computation.  The  12  curves  contributing  most  significantly 
are  shown  in  Fig.  2,  with  the  remainder  omitted  for  clarity  of 
presentation.  Those  which  are  dipole  coupled  to  the  ground 
state  (9),  and  which  are  in  the  energy  range  of  interest,  are 
shown  using  solid  lines.  Since  the  ground  state  of  Na2  is  a 
only  singlets  of  ungerade  symmetry  are  dipole  coupled  to  this 
state.  A  small  spin-orbit  coupling  does  mix  singlet  states  with 
triplets;  only  one  triplet  state  need  concern  us  iri  .this  study,  the 
^Ou  curve  numbered  11.  Also  shown  are  typical  ffequencies- 
used  to  apply  the  coherent  control  scenario  discussed  above  to 
this  system.  The  low-lying  potentials  leading  to  the  Na(35)  + 
Na(3p)  and  Na(35)  +  Na(35)  have  negligible  Franck-Condon 
factors  for  the  photodissociation  energies  of  interest,  but  are 
necessary  for  the  computation  of  the  SEP  preparation  step. 
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Fig.  3.  Photodissociation  cross  sections  into  Na(35)  +  Na(4j)  from 
y  =  5,  (a)  =  19,20,21;  {b)  v  =  30.  Photodissociation  cross 

sections  into  Na(35)  +  Na(3y)  vs.  photon  energy  from  Na2;  (c)  into 
^;  =  0,  y  =  0;  {d)  J  =  5,  V  =  19,20,  and  21;  and  (e)  v  -  30. 

Our  computations  show  that  the  Na2  photodissociation  cross 
section  to  the  Na(3j)  +  Na(4j)  channel  is  extremely  small  for^ 
vibrational  states  z/  =  0  to  z'  =  15.  This  is  due  to  the  large 
bond  length  of  the  ground  {l)*Sg  state  of  Nai,  resulting  in  a  s-  - 
.nail  overlap  between  the  x'  =  0  to  z/  =  15  levels  and  the  state 
[(8)*Zu]  leading  to  the  Na(3.y)  +  Na(45)  products.  This  low 
cross  section  is  in  contrast  with  the  Na(3.s)  +  Na(3<i)  channel 


Fig.  4.  Contours  of  constant  ^(45;  £).  The  ordinate  is  the  parameter 
X  and  the  abscissa*  is  the  relative  phase  O.  The  control  map  is  for  the 
initial  superposition  of  v  —lA^J  —  Q  with  =  27,  y  =  0. 


cross  section,  which  has  a  detectable  magnitude  starting  with 
photodissociation  of  the  Na2  z'  =  0  state  due  to  adequate  over¬ 
lap  with  the  (12)^  Zu  state.  The  cross  section  for  both  channels 
increases  as  v  increases.  Figure  3  shows  selected  Na2  pho¬ 
todissociation  cross  sections. 

Figure  3a  shows  typical  cross  sections  to  the  Na(35)  + 
Nz(4s)  product  channel.  Adjacent  bound  states  are  seen  to 
give  similar  cross  sections.  For  v  =  19  to  v  =  21,  the  de¬ 
crease  in  cross  section  as  photolysis  energy  increases  is  due 
to  diminishing  Franck-Condon  factors  on  the  repulsive  wall 
of  the  excited  surfaces.  But  z'  =  30  (Fig.  3^)  has  a  differ¬ 
ent  structure  because  the  turning  point  of  the  bound  state  is 
outside  the  turning  point  of  the  excited  state  repulsive  wal- 
1.  A  minimum  is  seen  at  about  0.1347  au  of  photon  energy, 
followed  by  a  peak  at  0.1370  au. 

Sample  results  for  the  Na(3j)  +  Na(3^)  channel  are  shown 
in  Figs.  3c-e.  The  vibrationless  level  of  the  (l)*Zg  state  of 
Na2  has  a  Na(35)  +  Na(3d)  channel  cross  section  that  decays 
rapidly  (Fig.  3c).  By  z/  =  10  the  cross  section  develops  clear 
oscillations,  but  by  z^  =  30  (Fig.  3c)  the  oscillatory  structure  is 
no  longer  clear  because  there  is  significant  interference  from 
the  Franck-Condon  factors  of  the  two  strongly  participating 
singlet  states,  the  (12)^Zu  and  the  (lOj^flu  states.  This  is  in 
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Fig.  5.  As  in  Hg,  4  but  with  7  =  5. 

contrast  with  the  results  in  Fig.  3d  where  the  oscillatory  sthic- 
ture  is  clear  and  where  only  one  excited  state,  the  (12)^Su» 
dominates  the  photodissociation.  This  state  has  a  distinctly  d- 
ifferent  location  of  its  inner  repulsive  wall  in  the  region  of  the 
Na(3.j)  +  Na(3^  channel  threshold. 

3.2  Coherent  control  ofNai 

Here  we  consider  control  over  the  fractional  yield  of  the  q  = 
Na(35)  +  Na(45)  vs,  the  </  =  Na(35)  +  Na(3c0  channels.  The 
vanishingly  small  cross  section  to  produce  Na(3.y)  +  Na(4.y)  for 
lower  vibrational  states  prevents  us  from  using  low  vibrational 
states  for  coherent  control  purposes.  Below  we  describe  con¬ 
trol  starting  with  the  higher  vibrational  states  {v  >  24),  which, 
if  desired,  can  be  experimentally  created  by  the  SEP  pump¬ 
ing  or  by  adiabatic  passage  techniques  (10).  We  will  use  the 
availability  of  such  techniques  to  our  advantage  by  assuming 
that  control  can  begin  with  the  molecule  in  a  high  vibrational 
level  of  the  ground  electronic  state. 

Assume,  for  example,  that  we  can  begin  the  control  exper¬ 
iment  with  the  molecule  in  i/  =  24  and  7/,  Mi  =  0,  where  the 
latter  denotes  the  angular  momentum  of  the  /th  state  and  its  z-  ._ 
projection.  A  survey  (11)  of  Franck-Condon  factors  between 
this  state  and  vib-rotational  states  of  the  (2)*Zu  state  shows 
that  a  superposition  state  comprising  the  (v  =  24,7  =  0), 
and  (v  =  27,7  =  0)  states  could  be  conveniently  formed  via 
an  1£*n)  state  with  =  14,  7  =  1.  This  corresponds  to  the 


Fig.  6.  As  in  Fig.  4  but  with  7  =  10. 


choice  ftcoi  =  12  883  cm“^  and  =  12538  cm''^  Con¬ 
trol  results  at  E  =  29672  cm“^  are  shown  in  Fig.  4  where 
we  plot  i?(45;E),  the  fractional  yield  of  4s  as  a  function  of 
the  control  parameters  x  and  O.  The  figure  shows  contours  of 
constant  Ri4s;E)  and  indicates  that  the  branching  ratio  can  be 
varied  between  10  and  90%  by  varying  x  and  O.  The  maxi¬ 
mum  Na(4j)  yield  is  at  O  0.27c  radians  and  the  amplitude 
factor  .r  ^  25. 

Figures  5  and  6  show  results  for  initial  states  with  higher 
rotational  quantum  numbers  for  which  M  averaging  has  been 
performed.  Figure  5  shows  results  for  the  superpositions  {v  = 
24,7  =  5),  and  {v  =  27,7  =  5)  at  the  slightly  higher  energy 
£  =  30046  cm"^  Control  of  the  Na(45)  yield  has  been 
somewhat  reduced  (ranging  from  0.24  to  0.84)  relative  to  the 
case  shown  in  Fig.  4,  This  is  accompanied  by  a  shift  in  the 
maximum  in  the  Na(45)  yield  to  O  ^  3.571  radians  and  .r  ^  10. 
The  7/  =  7;  =  10  case  (Fig.  6)  shows  very  similar  results  to 
the  7,-  =  7;  =  0  situation,  with  the  range  of  control  of  0. 1-0.9 
now  restored. 

As  an  example  of  the  observed  behavior  of  other  com¬ 
binations  of  bound  state  pairs,  consider  the  case  where  the 
molecule  is  in  the  =  27,  7  =  0  plus  z/  =  31,  7  =  0  s- 
tate,  pumped  via  the  intermediate  v  21,  |Er^)  state.  This 
corresponds  to  using  Acoi  =  13268  cm"^  and  12837 

cm"^  The  resultant  R[4s\E)  control  map  at  £  =  29  607  cm”^ 
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is  shown  in  Fig.  7.  The  observed  range  of  control  is  large,  with 
the  maximum  in  the  Na(45)  yield  appearing  at  very  large  x. 
This  is  a  consequence  of  the  relatively  small  Franck-Condon 
factor  between  Ae  intermediate  state  and  z/  =  31.  That  is,  if 


one  of  the  excitation  paths  has.  a  much  weaker  cross  section,-  : 
the  electric-  field ‘carrying  that  component  to  the  continuum- 
must  be  incre^ed  to  compenske,  resulting  in  large  x.  - 

4.  Conclusion 

We  have  proposed  a  SEP  one  photon  vs.  one  photon  co¬ 
herent  control  scheme  with  a  number  of  experimental  advan¬ 
tages.  Specifically,  the  scenario  allows  minimization  of  effects 
due  to  laser  jitter  and  reduction  of  effects  due  to  uncontrolled 
satellites.  The  scenario  shows  the  possibility  of  a  wide  range  of 
control,  as  demonstrated  in  computations  on  electronic  branch¬ 
ing  in  the  photodissociation  of  Na2. 
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5,  Appendix:  Computational  details 

The  bound-bound  matrix  elements,  (£yIrf|£’N)(£'N|^|^i)  that  appear  in  P{q\E)  are  calculated  using  uniform 
.  semiclassical  wave  functions. 

To  solve  for  the  photodissociation  amplitude,  a  considerable  amount  of  manipulation  is  required.  Here  we 
only  state  the  relevant  results  of  the  formulation  (12,  13). 

Tlie  amplitude  {Enq~\d\Ei)  is  obtained  in  accord  with  the  method  of  Levy  and  Shapiro  (12).  Specifically  we 
expand  in  partial  waves 

[Al]  {Enq'\d\Ei)^{Enq’‘\d\Ei,Ji,Mi)^^^  \  ^  -  .•  0  v';. 


:  A  • 


+  0,,  mEJpXq\EiJi): 


•:  A  T=.  9^)  is  the  direction  of  the  recoiling  fragments  and  X  is  the  magnitude'  of  the  electronic  'angular-'!^ 

momentum  about  the  inteiiiuclear  axis^  tte-^V  the  parity-adapted  rotation  matrices  defined,  with  parity 
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where  t\  =  for  X  7^  0  and  rx  =  |  for  X  =  0.  The  quantity  t  is  the  reduced  matrix  element  for  photodissoci¬ 
ation. 

[A3]  tiEJpl4EiJd  =  (-l)Vv/(27  +  1X2/,-  +  D  ( ^  )  (1 


Here  the  sum  over  q  is  over  all  the  electronic  states  that  correlate  with  the  same  final  channel.  The  (^|£f(/?)|^) 
matrix  element  is  the  electronic  transition  dipole  moment  between  the  ground  state  and  the  ^th  state.  The  quantity 
is  the  radial  nuclear  scattering  wave  function  in  electronic  state’s  ^  and  is  the  radial  nuclear 

bound  wavefunction  with  energy  Ej, 

The  t  matrix  element  is  computed  using  the  artificial  channel  method  (14). 

To  calculate  the  probability  Piq;  E)  requires  repeated  use  of  this  explicit  form.  For  example,  to  calculate  the 
first  term  we  expand  the  ^1%.  and  perform  the  integration  over  the  scattering  angle  k  to  arrive  at: 


[A441  <4  =  ^  E 


]  1  Ji 


\tiEJphiq\EiJi)'^ 


Similarly,  the  other  terms  in  P{q\  E)  are  given  by: 


[AA5]  Jf3  = 


J,p,x>0 


J  1  Jj 

-Mj  0  Mj 


\t{EJpXq\EjJjf 


[AA6]  y,  (  '^  I  JiW  J  I  Jj 

^  0  mJ  \-Mj  0  Mj 


t(EJpXq\EiJi)nEJpXq\EjJj) 


In  general,  the  sums  over  J  extend  over  Jf  —  1,  7/,  7/  +  1  except  for  the  7*  =  0  case  for  which  there  is  only  the 
7  =  1  term. 
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Abstract 

Control  over  product  probabilities  and  channel  specific  line  shapes  in  molecular  photodissociation  is  shown  to  result  from 
quantum  interference  effects  which  can  be  manipulated  by  varying  the  frequencies  of  two  intense  laser  fields.  The  laser  fields, 
whose  relative  phase  need  not  be  well  defined,  have  frequencies  centered  around  two  transitions:  one  between  the  continuum 
and  an  initially  populated  state  and  the  second  between  the  continuum  and  an  initially  unpopulated  molecular  bound  state. 
Computations  on  Na2  photodissociation  show  that  control  over  product  yields  is  extensive,  with  the  branching  ratio  changing  by 
a  factor  of  ten  as  the  frequencies  are  tuned  over  a  convenient  range. 


Laser  control  of  atomic  and  molecular  processes  is 
a  rapidly  developing  field.  Most  recent  innovations 
rely  on  using  several  lasers  with  well  defined  relative 
phase  to  excite  a  system  [1-8].  The  quantum  inter¬ 
ference  between  the  laser  induced  multiple  excitation 
routes  depends  upon  both  the  laser  intensities  and 
their  relative  phases.  Hence,  by  varying  these  labo¬ 
ratory  parameters  one  varies  the  interference,  lead¬ 
ing  to  experimentally  controllable  molecular  dynam¬ 
ics.  Extensive  control  over  processes  such  as 
branching  in  molecular  photodissociation  has  been 
demonstrated  computationally  [  1  ]  and  several  ex¬ 
periments  have  supported  the  essential  principle  [  6  ] . 

In  this  Letter,  we  demonstrate  that  high  laser  fields 
introduce  nonlinear  phenomena  which  allow  novel 
and  effective  control  scenarios.  Specifically,  we  show 
that  one  can  control  channel  specific  line  shapes  and 
photodissociation  branching  ratios  using  two-color 
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irradiation  with  intense  lasers  whose  relative  phase 
need  not  be  well  defined.  Control,  which  results  from 
quantum  interference  between  optically  induced  ex¬ 
citation  routes,  is  achieved  by  changing  xht  frequen¬ 
cies  of  the  two  intense  lasers.  The  relative  phase  be¬ 
tween  lasers  need  not  be  well  defined  since  the  laser 
phases  transferred  to  the  molecule  cancel  in  the  mul¬ 
tiphoton  pathways  induced  by  intense  fields.  In  ad¬ 
dition  we  show,  in  a  computation  on  the  photodisso¬ 
ciation  of  Na2,  that  the  proposed  approach  allows  for 
an  extensive  range  of  control  over  product 
probabilities. 

These  results  constitute  a  significant  advance  in 
coherent  control  since  they  demonstrate  the  possibil¬ 
ity  of  quantum-interference  based  control  of  photo¬ 
dissociation  while  avoiding  the  experimentally  chal¬ 
lenging  problem  of  maintaining  a  well  defined  and 
stable  relative  laser  phase.  The  results  also  contribute 
significantly  to  the  theory  of  laser-induced  contin¬ 
uum  structure  [9],  extending  the  theory  to  mole¬ 
cules,  with  many  bound  states  coupled  to  multiple 
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continua.  We  show  that  the  induced  continuum 
structure  in  molecules  can  differ  for  continua  cou¬ 
pled  to  different  product  channels,  allowing  for  the 
selective  enhancement  of  the  cross  section  for  a  de¬ 
sired  product  arrangement  channel. 

The  scenario  is  depicted  in  Fig.  1,  here  for  the  spe¬ 
cific  case  of  electronic  branching  in  the  photodisso¬ 
ciation  of  an  excited  state  of  Na2.  A  cw  laser  of  fre¬ 
quency  coi  excites  a  molecule  from  an  initially 
populated  bound  state  |€,  >  to  the  dissociation  con¬ 
tinuum  |e,  m,  q~y  (where  m  specifies  the  product 
quantum  numbers  and  q  labels  the  product  arrange¬ 
ment  channel)  while  a  second  laser,  of  frequency  (1)2, 
simultaneously  couples  the  continuum  to  bound  states 
I  ey>  that  are  initially  devoid  of  population.  With  both 
lasers  on,  dissociation  to  \e,m,q~')  occurs  via  direct 
and  indirect  paths,  |  e,>  ^  |  e,  m,  >  and  |  €,>  ^  |  e', 
m',  I ey> ->•  I e,  m,  q~y.  Contributions  from 

these  pathways  to  the  product  in  a  given  channel  q  at 
energy  €  interfere  either  constructively  or  destruc¬ 
tively.  As  we  show  below,  varying  the  frequencies  and 
intensities  of  the  two  excitation  lasers  strongly  affects 
this  interference  term,  providing  a  means  of  control¬ 
ling  the  photodissociation  line  shape  and  the  branch¬ 
ing  ratio  into  different  products. 

To  introduce  notation  and  the  computational 
method  consider  the  photodissociation  of  a  molecule 


Fig.  1 .  Control  scenario  applied  to  the  photodissociation  of  the 
state  of  Naj.  For  the  case  considered  in  this  paper  je,)  cor¬ 
responds  to  y=  19  with  e„=i9=  -6512.8  cm"'  and  |ey>  is  i>=31 
with  €,,=31  =  —4966.04  cm" '. 


with  Hamiltonian  //m  in  the  presence  of  a  radiation 
field  with  Hamiltonian  H^.  The  total  Hamiltonian 
where  V  is  the  molecule-field  in¬ 
teraction.  The  radiation  field  is  described  by  Fock 
states  \Nky  =  I  n\,  ,  ...>  with  energy  1/  n’yficoi.  Ei¬ 

genstates  of  Hm  include  bound  states  |€„>  and  dis¬ 
sociative  continuum  states  |e,  m,  q~y.  The  latter 
correlate  at  large  internuclear  distances  with  states  of 
the  product  in  channel  q  with  energy  e  and  quantum 
numbers  m.  In  general  m  includes  the  scattering  di¬ 
rection  ic. 

Photodissociation  dynamics  is  completely  embod¬ 
ied  [  10]  in  the  fully  interacting  eigenstates  of  the  to¬ 
tal  Hamiltonian H, denoted  \ie,m,q~),Nk  y[H\{e, 
m,  q-),  Nky=^{^+hn’tfi(Oi)\{e,  m,  q-),  N^y], 
where  the  minus  superscript  on  A*  indicates  that  |  (e, 
m,q~),Nk  y  becomes  the  non-interacting  state  |  (e, 
w,  q-),  N^y  =  \e,m,  q~y\Nky  when  V is  switched 
off.  If  the  system  is  initially  in  the  state  le,-, 
jV,  >  s  I  e,  )  I  A,  >  and  the  radiation  field  is  switched  on 
suddenly  then  the  photodissociation  amplitude  to 
form  the  product  state  le,  m,  ?"  >  |A^*>  is  given  by 
[10]  <(€,  m,  q-),  Nk  |e„  A,>.  Since  <(e,  m,  q-), 
Nk\  e„  A^,>  =  0  then  this  overlap  assumes  the  conve¬ 
nient  form 

<(e, m,q-),Nk  \ei,Niy 

=  ({e,m,q-),Nk\VG(^e^+  , 

(1) 

by  using  the  Lippmann-Schwinger  equation  <  (e,  m, 
q-),  Nk\  =  <,{e,  m,  <?"),  Nk\  +  ({e,  m,  q-), 
Nk\VG{e^  +  l,nfficoi).neTeG(^E)  =  l/(E-H)  and 
e+  =  e+i(5  at  the  end  of  the  computation).  Eq. 

( 1 )  is  exact  and  provides  a  connection  between  the 
dissociation  amplitude  and  the  VG  matrix  element. 
It  is  the  latter  which  we  compute  exactly  using  a  high 
field  extension  of  the  artificial  channel  method 

...  .. 

Two  quantities  are  of  interest:  the  channel  specific 

line  shape,  that  is 

A(€,q,Nk\(i,Ni) 

=  ^dl\{{eJ,q-),Nk\ei,N,y\\ 


(2) 
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as  a  function  of  energy  e,  and  the  total  dissociation 
probability  to  channel  g 

P{q)=  Z  f  d€^(e,?,A^fcle/,M)  ,  (3) 

where  the  sum  is  over  sets  of  photons  that  excite  the 
molecule  into  the  dissociation  continuum.  In  writing 
Eq.  (2)  diatomic  dissociation  is  assumed,  so  that 
m=k. 

To  demonstrate  the  control  scenario  consider  (see 
Fig.  1 )  photodissociation  of  Na2  from  the  initial  state 
I  €/>  with  vibrational  quantum  number  i;,  =  1 9  of  the 
^riu  electronic  state  [13],  assumed  prepared  by  exci¬ 
tation  from  the  ground  electronic  state.  Excitations 
from  1  e,  >  by  coi  and  from  initially  empty  1  by  (X>2 
are  to  the  dissociating  continua  where  both 
Na(3s)-FNa(3p)  and  Na(3s) +Na(4s)  are  pro¬ 
duced.  Computations  were  done  with  cui  chosen 
within  the  range  15430  cm"’  <Wi  <15700  cm"*  with 
intensity  /i  ~  6  X 1 0*  W /cm^,  which  is  sufficiently  en¬ 
ergetic  to  dissociate  levels  of  the  state  with  v>  1 9 
to  both  products.  The  second  laser  has  fixed  fre¬ 
quency  0)2=13964  cm-‘  and  fixed  intensity 
/2=3.51  X  10‘°W/cm^  and  can  dissociate  levels  with 
y>31  to  both  products.  Under  these  circumstances 
the  dissociation  from  above  threshold  dissociation  is 
found  to  be  negligible.  In  the  computations  we  also 
include  contributions  from  the  dissociation  of  |  e,  > 
by  0)2  and  of  |  Oj}  by  coi,  which  can  not  be  controlled 
by  the  interference  effects  discussed  here,  but  are 
minimized  under  these  circumstances.  Results  shown 
here  are  typical  of  those  obtained  in  a  broader  class 
of  computations  which  we  have  carried  out.  Studies 
which  include  rotations,  which  describe  effects  of  laser 
intensities  on  control  and  which  cover  a  wide  range 
of  laser  powers  and  frequencies  of  the  two  lasers  are 
to  be  included  in  a  future  publication  [14]. 

Fig.  2  shows  computed  line  shapes  /I  (e,  g,  Nh\0i, 
Ni)  (on  a  logarithmic  scale)  as  a  function  of  the 
product  energy  e.  Here  (Ui  =  15456  cm“‘,  /]  = 
5.5x10®  W/cm^  A^,=  (ni,  «2)  and  A'fc=  («i  — 1,  «2) 
where  «i  and  n2  are  photon  numbers  of  the  lasers  CU] 
and  0)2,  respectively.  Results  with  both  lasers  on  for 
the  Na(3p)+Na(3s)  (curve  (a))  and  Na(4s)-1- 
Na(3s)  (curve  (b))  product  channels  are  shown. 
Fig.  3  contains  similar  results,  but  with  cui  =  1551 1 
cm"'.  In  addition,  the  line  shape  for  excitation  with 
cu,  =  15456  cm"'  but  with  the  0)2  laser  off  is  shown 


Fig.  2.  log^(e,  g,  «i- 1,  »u  "2)  as  a  function  of  €  (where 

the  Na(3s)  +Na(3p)  asymptote  defines  the  zero  energy).  ( - ) 

Na(3s)-l-Na{3p)  product  and  ( - )  Na(3s)-t-Na(4s)  prod¬ 

uct,  with  both  lasers  on;  (•••)  for  the  Na(3s)+Na(4s)  product 
with  only  one  laser  (<Oi)  on.  Here  a)i  =  15456  cm"*,  0)2=  13964 

cm"  *,  /,  =  5.5  X 1 0’  W/cm^  and  72= 3.5 1 X 1 0“*  W/cml 


in  Fig.  2  (curve  (c))  for  theNa(3s)-l-Na(4s)  prod¬ 
uct;  the  Na(3s)  -1-Na(3p)  result  is  similar. 

Consider  first /I  (e,  g,  Wj  — 1,  ”2)  associ¬ 

ated  with  excitation  by  a  single  laser  (Fig.  2,  curve 
(c) ).  The  line  shape  is  comprised  of  a  series  of  non- 
Lorentzian  peaks  and  dips  corresponding  to  reso¬ 
nance  contributions  from  the  dressed  v=  19,  20,  21 
vibrational  states.  The  predominant  contribution  is 
the  direct  i;,=  19  excitation,  with  smaller  v=20,  21 
contributions  arising  from  stimulated  emission  and 
absorption  from  and  to  the  continuum.  Further,  the 
overall  shape  between  the  peaks  shows  Fano-type  in¬ 
terference  [15]  between  the  photodissociation  path¬ 
ways  arising  from  the  pairs  of  adjacent  vibrational 
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states.  Since  significant  dissociation  is  observed  from 
states  other  than  the  initially  populated  i>,  =  19  it  is 
clear  that  the  power  broadening  is  on  the  same  order 
of  magnitude  as  the  vibrational  level  spacing. 

With  both  coi  and  0)2  lasers  on,  each  peak  splits  into 
two  peaks  in  a  manner  which  is  dependent  both  upon 
asymptotic  channel  (compare  curves  (a)  and  (b) 
within  each  of  Figs.  2  and  3 )  and  frequency  w,  (com¬ 
pare  Fig.  2  with  Fig.  3).  An  analysis  of  this  structure 
is  provided  later  below.  Here  we  note  the  significant 
implication  that  by  varying  a>i  we  can  control  the 
channel  specific  line  shapes  A(e,q,Nk\  ) .  For  ex¬ 
ample,  comparing  Figs.  2  and  3  shows  that  the  in¬ 
crease  in  coi  results  in  a  shift  of  the  dominant  peaks 
to  higher  e.  Products  at  €Si9025  cm“'  are  strongly 
enhanced  relative  to  the  case  in  Fig.  2  and  products 
at  e«8980  cm“*  are  suppressed,  etc.  Tuning  coz  or 
changing  the  laser  intensities  also  changes  the  line 
shapes,  as  discussed  elsewhere  [  14] . 

Integrating ^(e,  q,  W*|e,-,  A^,)  over  e  (Eq.  (3))  for 
various  co\  gives  P{q)  as  a  function  of  coi.  The  result 
of  these  computations  are  shown  in  Fig.  4  for  both 
Na(3s)+Na(3p)  (curve  (a))  andNa(3s)+Na(4s) 
(curve  (b))  channels,  with  /.  =  8.7x10^  W/cm^, 
72=3.5 lx  10'°  W/cm^  and  012=  13964  cm"'.  The 
probability  Piq)  is  seen  to  oscillate  strongly  as  a 
function  of  aij.  Only  two  periods  are  shown  here,  in 
which  the  distance  between  the  peaks  (or  dips )  is  the 


Fig.  4.  Probability  of  forming  ( - )  Na(3s) +Na(3p)  and 

( - )  Na(3s)+Na(4s)  as  a  function  of  Wj,  with  0)2=13964 

cm-',  /i  =  8.7 X 10"  W/cm^  and  /2=  3.5 1 X 10'®  W/cm^  Results 
for  ( - )  Na(3s)H-Na(3p)  and  (■••)  Na(3s)+Na(4s),  re¬ 

spectively,  with  the  0)2  laser  turned  off. 


vibrational  spacing  between  v=  3 1  and  32.  The  oscil¬ 
lations  for  the  two  product  probabilities  are  out  of 
phase  with  the  sum  being  close  to  0.93.  Hence,  for 
example,  the  probabilities  of  producing 
Na(3s)+Na(4s)  and-  Na(3s)+Na(3p)  at 
«!  =  15494  cm“‘  are  0.198  and  0.730,  respectively. 
The  reverse  situation  occurs  at  coi  — 15573  cm"' 
where  68%  of  product  is  Na(3s)  4-Na(4s).  Thus 
varying  coi  provides  a  straightforward  method  to 
control  the  branching  ratio  into  final  product  chan¬ 
nels.  Tuning  coz  results  in  a  similar  control  [14]. 
These  results  are  in  sharp  contrast  with  the  essen¬ 
tially  constant  probabilities  which  obtain  when  only 
the  CO  I  laser  is  on  (Figs.  4c  and  4d).  Furthermore, 
and  significantly,  computations  show  that  arbitrarily 
changing  the  relative  phase  between  the  coi  and  coz 
does  not  alter  Figs.  2-4,  indicating  that  the  control 
process  is  independent  of  the  relative  laser  phase.  This 
is  consistent  with  the  model  discussed  below. 

Reducing  the  laser  power  in  these  computations 
[14]  shows  the  product  probabilities  oscillating  with 
the  same  period  as  Fig.  4,  but  with  narrower  widths, 
indicating  that  this  width,  which  measures  the  over¬ 
lap  of  two  resonance  states,  is  partially  determined 
by  the  power  broadening. 

The  gross  qualitative  behavior  seen  in  Figs.  2-4  can 
be  readily  understood  in  terms  of  a  simple  model 
which  assumes  excitation  of  the  initial  state  1 1  >  =  |  Cj, 
«i,  Hz}  with  laser  coi  to  the  continuum  |e,>  =  |  (e, 
q-),  «i  —  1,  «2>.  which  is  coupled  to  state  |2>  s  |€y, 
7Ji  - 1 ,  n2  + 1  >  by  laser  coz,  finer  details  require  inclu¬ 
sion  of  all  bound  states.  If  these  two  are  the  only  con¬ 
tributing  states  then  the  photodissociation  amplitude 
is  given  (Eq.  ( 1 ) )  by 

<eJF(7(£)|l>  =  <eJF|l><l|(7(F)il> 

-b<€,|F|2><21G(F)ll>  .  (4) 

Substituting  E—e*  +  (ni  —  l)ficOi  +  n2ft(02  into  Eq. 
( 4 )  and  solving  {E—Ho—V)G(E)  =  lfoT  the  matrix 
elements  of  G,  we  obtain  the  dissociation  probability 

\<e,\VG\iy\^ 

_  (e-e,-ftfU2-7t2,2)<€g|F|l>  +  <eg|F|2>;t2.i  ^ 
(€-Z+)(e-Z-) 

(5) 
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as  a  function  of  energy  e,  where  Tig^bia,  b- 1,  2)  are 
optical  potentials  given  by 


The  energies z±,  given  by 

=  ( e,  +  7t  1 , 1  +  1 )  +  ( +  7:2,2  +  b(02 ) 

±J[{ei+ni,,+ha)i)-{ej+n2,2+f‘0}2)Y+^^u2ttZ 


are  the  eigenvalues  associated  with  the  diagonaliza- 
tion  of  the  matrix  coupling  the  two  dressed  states  1 1  > 
and  |2>  via  the  continuum.  The  real  and  imaginary 
parts  of  7ta,a  give  the  shifts  and  broadenings  of  the  two 
levels. 

Eqs.  (4)-(6)  describe  the  photon  fields  by  num¬ 
ber  states.  Repeating  the  same  argument  using  coher- 
entstates  |a>  =  |ai>©  1«2>, where  |ai>  and  lo!2> 
are  coherent  states  describing  the  (Oi  and  0)2  fields, 
provides  information  on  the  role  of  relative  laser 
phase.  The  coherent  states  1  a,>  (:=  1,2)  are  defined 
in  terms  of  the  number  states  as  lo:/>=Iln,  P{oih 

n, ■)!«;>,  with  P{ai,  «,)  =  o:?''exp(-^la,l^)/\/^, 
where  the  quantities  a,  can  be  parameterized  by  the 
average  photon  number  iz,-  and  the  phase  <pi  of  the  CU/ 
laser:  a,=y^exp(i0,).  Replacing  Eq.  (4)  by  <e, 
^-l<a:|F(?(£:)|€,>|o:>,  gives,  within  the  rotating 

wave  approximation, 

<e,  9"  1  <«l  VG{E)\ei')  |a> 

=e-<''<€jFlT><I|G(£)lI> 

+ei02eW.-<»2)<gjF|2><21(7(£)li>  •  (8) 

Here  |  e,  > ,  1 1  >  and  1 2  >  are  of  the  same  form  as  1  , 

1 1  >  and  1 2>  with  the  argument  now  being  the  aver¬ 
age  photon  numbers  and  n2,  respectively.  Because 
of  the  cancelation  of  the  laser  phase  <p2  in  Eq.  ( 8 ) ,  the 
dissociation  probability  1<€,  |  <al  FC?(£)  |€,> 

I  a  >  1  ^  is  then  given  by  Eq.  ( 5 )  with  the  photon  num¬ 
bers  replace  by  the  average  photon  number. 

Eq.  ( 5 )  shows  photodissociation  occurring  via  two 
pathways,  ll)-^l^«)  1 1  >-♦  12>-^ lf«), 

interference  between  them  can  be  constructive  or  de¬ 
structive,  depending  on  the  relative  sign  of  the  two 
terms.  This  interference  can  be  manipulated  by  vary¬ 
ing  the  laser  frequencies.  The  double  peak  structure 
seen  in  Figs.  2  and  3  is  consistent  with  the  form  of 


Eq.  ( 5 )  wherein  two  peaks  are  predicted  as  the  func¬ 
tion  of  e,  at  the  two  roots  of  the  equations  i-X±  =0- 
For  example,  in  the  case  of  Fig.  2,  the  first  double 
peak  arises  from  the  interaction  between  the  dressed 
t;=  19  and  v=2l  levels  of  the  state  whereas  the 
decrease  in  photodissociation  (compared  to  the  curve 
(c))  in  the  middle  of  the  double  peak  results  from 
the  destructive  interference  between  them.  A  similar 
explanation  applies  to  the  second  and  third  double 
peaks,  which  result  mainly  from  the  combined  exci¬ 
tations  of  17=20  and  32,  and  of  17=21  and  33,  respec¬ 
tively.  Note  that  the  locations  of  the  peaks  are  chan¬ 
nel-independent  but  that  the  ratio  of  the  heights 
of  the  peaks,  given  by  the  ratio  of 
\ieJV\iy[e-ej-fia)2-n2,2]  +  1^2,1  \ 

evaluated  at  and  x~>  respectively,  depends 

strongly  on  the  laser  frequencies,  intensities  and  the 
channel  index  q.  Thus  Eq.  (7)  encompasses  the 
channel  dependence  of  the  interference  and  hence  the 
control  over  product  probabilities. 

Note  also  that  Eq.  (8)  is  consistent  with  a  photo¬ 
dissociation  amplitude  wherein  control  of  the  line 
shape  and  product  probabilities  is  independent  of  the 
relative  phase  of  the  two  lasers.  The  absorption  of  an 
0)2  photon  contributes  a  phase  factor  exp(i02)  that 
cancels  the  phase  factor  exp  (-102)  arising  by  stim¬ 
ulated  emission  of  the  same  frequency  photon.  This 
is  clearly  illustrated  in  Eq.  (8)  in  which  the  second 
term  carries  an  overall  phase  factor  exp(i0i),  the 
same  as  the  phase  factor  in  the  first  term.  The  relative 
phase  of  the  two  dissociation  routes,  which  enters  the 
interference  term,  is  therefore  independent  of  both 

01  and  02-  .  .  , 

This  model  fails,  however,  to  include  excitation  and 
dissociation  of  neighboring  vibrational  stotes  of  |  €,•> 
and  1  ij} .  Nonetheless  the  computations  in  Figs.  2-4, 
which  incorporate  all  vibrational  states,  clearly  dem¬ 
onstrate  the  desired  control.  Further  computations 
[14]  which  include  rotations  have  also  been  per¬ 
formed.  Inclusion  of  these  rotational  states  leads  to  a 
series  of  multiple  peak-and-dip  structure  in  the  line 
shape  corresponding  to  the  resonance  contributions 
of  multiple  rotational  states.  Because  of  this,  the  de¬ 
pendence  of  the  channel  specific  dissociation  yield  on 
coi  changes,  but  control  over  line  shapes  and  product 
yields  is  still  strong. 

In  summary,  we  have  shown  that  extensive  control 
of  the  line  shape  and  the  branching  ratio  in  photodis- 
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sociation  can  be  achieved  by  scanning  the  frequen¬ 
cies  of  two  intense  lasers  and  that  this  control  is  in¬ 
dependent  of  the  relative  phase  of  the  two  laser  routes. 

This  work  was  supported  by  the  US  Office  of  Na¬ 
val  Research  under  contract  No.  N00014-90-J-1014. 
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Abstract.  Product  properties  in  molecular  photodissociation  can  be  controlled  by 
simultaneous  excitation  through  a  number  of  coherent  excitation  routes.  Examples  of 
simplified  methods  for  maintaining  laser  phase  coherence  of  the  multiple  routes, 
required  for  control,  are  described.  Of  particular  interest  is  a  new  high  field  approach 
where  multiple  paths  are  generated  in  such  a  manner  as  to  make  relatively  coherent 
lasers  unnecessary. 


1.  INTRODUCTION 

Control  over  the  yield  of  chemical  reactions  is  the  essence 
of  practical  chemistry,  and  the  ability  to  use  lasers  to 
achieve  this  goal  is  one  primary  thrust  within  modern 
Chemical  Physics.  The  theory  of  coherent  radiative  con¬ 
trol  of  chemical  reactions*  affords  a  direct  method  for 
controlling  isolated  molecule  reaction  dynamics  using 
phase  properties  of  lasers,  with  a  large  range  of  yield 
control  expected  in  laboratory  scenarios.  In  addition,  the 
theory  of  coherent  control  provides  deep  insights  into  the 
essential  features  of  reaction  dynamics  and  quantum 
interference,  which  are  necessary  to  achieve  control  over 
elementary  chemical  processes. 

Coherent  radiative  control  relies  upon  the  fundamen¬ 
tal  quantum  mechanical  principle  that  multiple  coherent 
(i.e.,  phase-preserving)  pathways  to  the  same  final  state 
interfere  with  one  another.  In  our  case,  the  final  state  is  a 
continuum  system  at  energy  E  with  a  number  of  open 
arrangement  channels  (e.g.,  a  molecule  in  the  dissocia¬ 
tive  continuum),  and  the  independent  pathways  corre¬ 
spond  to  excitation  via  distinct  coherent  optical  excita¬ 
tion  routes.  By  judicious  choice  of  these  pathways  we  are 
able  to  control  the  Interference  from  within  the  laboratory 
and  hence  control  the  outcome  of  the  molecular  pro¬ 
cesses. 

Reliance  upon  quantum  interference  effects  necessi¬ 
tates  that  the  relative  phase  of  the  multiple  excitation 
routes  be  well  defined.  This  can  be  difficult  to  achieve 


when  the  two  routes  require  independent  light  sources.  In 
this  paper  we  focus  on  two  methods  to  simplify  the 
problem  of  maintaining  the  laser-induced  component  of 
the  relative  phase.  In  doing  so  we  emphasize  some  of  the 
essential  characteristics  of  coherent  control,  display  re¬ 
sults  on  photodissociation  of  Na^,  and  introduce  a  new 
frequency-based  control  scenario. 

This  paper  is  structured  as  follows:  the  role  of  the 
relative  phase  in  coherent  control  is  introduced,  in  sec¬ 
tion  2,  via  a  resonant  2-photon  vs.  2-photon  absorption 
scenario.  In  addition  to  providing  a  means  of  controlling 
reactions  in  a  thermal  environment,  this  approach  advo¬ 
cates  the  use  of  nonlinear  optics  techniques  to  prepare 
light  sources  whose  relative  phase  is  easily  maintained. 
Section  3  introduces  a  new  high  field  scheme  where  the 
second  route  is  a  self-cancelling  phase  route  in  the  mol¬ 
ecule.  Under  these  circumstances,  we  are  able  to  show 
that  the  two  external  laser  fields  need  not  be  relatively 
coherent  and  that  the  relative frequency  is  a  useful  control 
variable.  We  term  this  behavior  “interference  control”, 
rather  than  coherent  control,  to  emphasize  these  aspects 
of  the  control  scenario. 

In  this  paper  we  focus  on  the  dissociation  of  diatomic 
molecules,  although  the  theory  is  essentially  identical  for 
polyatomic  systems.  Computational  results  on  control  in 
Na,  photodissociation  are  used  throughout. 


♦Author  to  whom  correspondence  should  be  addressed. 
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(a)  (b) 

Fig.  1.  Schematic  of  resonant  2-photon  vs.  2-photon  control 
scenarios  using;  (a)  three  frequencies;  (b)  four  frequencies. 
Here  li)  denotes  the  initial  system  bound  state  and  j/>and  l<:)are 
molecular  bound  states  which  are  optically  accessible  from  It). 
Energy  E is  in  the  continuum  from  which  several  product  states 
are  accessible. 


mation  about  the  laser  modes.  Specifically,  if  we  denote 
the  phases  of  the  coherent  states  of  the  laser  modes  by  <j)| 
and  <t>2,  the  wave  vectors  by  kj  and  kj  with  overall  phases 

0,=k,.r-K!),,  0,  =  k,T-Kt),  (1) 

and  the  electric  field  amplitudes  by  Ej  and  then  the 
probability  amplitude  for  resonant  2-photon  photodisso¬ 
ciation  by  (©,  +  CDj)  is  given^  by 

E.J.M,  CO,,  CO,) 

ftCD,  - {E„  +  A„- £;)  +  irjh 
X  exp[/(0,  -f  0,)] 


X  E 

h  i  X  0  EJ 


X  ((j),,,0^,O)t(£.£,y,co,,©,,^|  JpKEJJ 


2.  COHERENT  CONTROL:  RESONANT  2-PHOTON 
VS.  2.PHOTON  EXCITATION 
Consider  irradiating  a  molecule  which  is  in  a  bound 
eigenstate  i  with  three  interrelated  excitation  frequencies 
cOq,  co^,  and  co  .  Here  =  ^(co^  +  coj  is  sufficiently 
energetic  to  excite  the  molecule  to  energy  E  in  the 
dissociative  continuum.  If /ico^’rand  sre  each  chosen 
resonant  with  a  bound-bound  molecular  transition  ema¬ 
nating  from  If),  then  the  two  simultaneous  resonant  two- 
photon  processes  shown  in  Fig.  la  occur  (as  do  several 
other  transitions).  The  two  optical  excitation  paths  shown 
in  Fig.  la  interfere  and  allow  for  control  of  the  photodis¬ 
sociation  yield,  as  described  below. 

Resonant  l-Photon  Dissociation 

Consider  firsF  photodissociation  via  one  2-photon 
pathway  with  generic  frequencies  co^,  (D,*  The  molecule 
assumed  initially  in  an  eigenstate,  |i)  =  \E^  M)  of  the 
molecular  Hamiltonian  total  angular  momentum  J 
and  its  .^-projection  with  eigenvalues  M.  photodis- 
sociates,  under  excitation,  to  a  number  of  different  prod¬ 
uct  channels  labeled  by  q.  Absorption  of  the  first  photon 
of  frequency  cOj  lifts  the  system  to  a  region  close  to  an 
intermediate  bound  state  Im)  =  \E^^  7^  MJ,  and  a  second 
photon  of  frequency  carries  the  system  to  the  dissoci¬ 
ating  states  G,  q-).  These  continuum  slates  are  of 
energy  E,  and  correlate  with  the  product  in  arrangement 
channel  q  which  scatter  into  angles  C  =  (0^.,  Here  the 
y’s  are  the  angular  momentum,  M’s  are  their  projection 
along  the  z-axis,  and  the  values  of  bound  state  energy,  £, 
and  include  specification  of  the  vibrational  quantum 
numbers.  Photon  states  of  the  incident  lasers  are  de¬ 
scribed  by  the  coherent  states  which  contain  phase  infor¬ 


X  expWGj+G,)]  (2) 

Here  d.  is  the  component  of  the  dipole  moment  along  the 
electric- field  vector  of  the  laser  mode,  £  =  E.  +  (CO^  + 
co^),  and  F^  are  respectively  the  radiative  shift  and 
width  of  the  intermediate  state,  |i  is  the  reduced  mass,  and 
k  is  the  relative  momentum  of  the  dissociated  product  in 
^-channel.  The  is  the  parity  adapted  rotation  ma¬ 
trix,^  with  X  being  the  magnitude  of  the  projection  on  the 
internuclear  axis  of  the  electronic  angular  momentum 
and  {-lYp  the  parity  of  the  rotation  matrix.  We  have 
assumed  for  simplicity  that  the  lasers  are  linearly-polar¬ 
ized  and  that  their  electric-field  vectors  are  parallel.  The 
second  step  in  eq  2  comes  from  the  usual  procedure  of 
expanding  the  molecular  wave  functions  in  partial  waves 
followed  by  the  integration  over  rotational  wave  func¬ 
tions.  Given  eq  2,  the  probability  of  photodissociation  is 
given  by: 

EJ.;  0)j) 

EJ CO,,  CD,)1 


y  y  y  f  •/  1  JmX  ^ 

0  M,.  A-M,  0 


X  t(£,  EJ.,  CO,,  CO,,  q\  JpX,  EjJ  2  (3) 

where  we  have  averaged  over  M.  since  no  initial  M. 
selection  is  assumed. 

The  essence  of  the  photodissociation  lies  in  the  mo¬ 
lecular  2-photon  t-matrix  element  whose  structure  has 
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been  analyzed  in  detail  elsewhere,^  Note  that  the  T-matrix 
element  in  eq  2  is  a  complex  quantity,  whose  phase  is  the 
sum  of  the  laser  phase  9  j  +02  molecular  phase,  i.e., 

the  phase  of  t  Methods  for  computing  these  matrix 
elements  for  Na^  involving  the  fourteen  electronic  states 
shown  in  Fig.  2,  are  discussed  elsewhere.^ 

Finally,- note  that  only  the  levels  closest  to  the  reso¬ 
nance  =  (£^  +  £.)  contribute  significantly  to  the 

dissociation  probability.  This  feature  is  enormously  use¬ 
ful  in  the  case  of  excitation  from  a  thermal  bath.  That  is, 
it  allow  us  to  selectively  photodissociate  molecules  from 
a  thermal  bath,  reestablishing  coherence  necessary  for 
quantum  interference  based  control 

Below,  we  utilize  these  methods  to  compute  the  re¬ 
quired  amplitudes  for  coherent  control  in  Na^. 

Coherent  Control  via  Resonant  2-Photon  vs.  2-Photon 

Interference  ^  . 

Consider  now  irradiating  a  molecule  in  state  [/)  = 
y,  M.)  with  several  frequencies  which  induce  inde¬ 
pendent  simultaneous  two-photon  resonant  transitions/ 
A  typical  general  case  (see  Fig.  lb)  involves  excitation 
with  four  different  photon  frequencies,  (£r\  , 

and  ,  where  and  co^f  ^  are  resonant  with  interme¬ 
diate  bound  states  1/)  and  \k),  where  +  ^2^)  ~ 


Fig  2  Fourteen  Na,  potential  energy  curves  involved  in  the 
photodissociation  computation.  Arrows  indicate  typical  condi- 
tions  for  the  resonant  2.photon  vs.  2-photon  coherent  control 

scenario. 


+  orf*’),  and  where  the  excitation  is  sufficiently 
energetic  to  lead  to  dissociation.  Under  these  conditions 
there  are  at  least  two  independent  paths  to  the  same  final 
state,  which  we  denote  “a”  and  “b".  Path  a  consists  of 

{(df  +  cd5'>)  excitation,  and  path  fe  of  excitation  with 

+  (df ).  The  photodissociation  probability  is  then 
F<»(E,  EJ\  ) 

+  Ti^lE,EJM^(dl'> ,  )|  2  (4) 

where  E=E.+fi{  (d°^  +  cof") ).  Since  no  Af-selection  prior 
to  laser  excitation  is"  assumed,  we  have  averaged  over  the 
quantum  number  The  right-hand  side  is  the  sum  of 
three  terms:  two  independent  photodissociation  prob¬ 
abilities  from  each  of  the  two  paths,  and  interference 
between  them. 

For  the  sake  of  simplicity,  consider  the  simpler  three 
color  case  (Fig.  la)  where  =  cOj  and  denote 

(d^^  =  co^  and  (d^^  =  co_. 

The  overall  phase  of  the  three  laser  fields  are 

e^=  kj,  •  r  +  (l)o,  0^  =  •  r  +  (|)^  and  0_  =  k_  •  r  +  (|»_  (5) 

where  (t)^,  (1>^,  and  ())_  are  the  photon  phases.  Here  k^,  k^, 
and  k  are  the  wave  vectors  of  the  laser  modes  cOg,  OJ^,  and 
CO  ,  whose  electric  field  strengths  are  £g,  £^,  £_  and  inten¬ 
sities  are  4,  i,  /..  Photodissociation  occurs  at  E  =  E.+ 
2fm  =  E.  +  +  co_),  where  ©g  and  are  chosen 

resonant  with  intermediate  bound  state  levels.  Applying 
eq  4,  we  write  the  probability  of  photodissociation  from 
pathway  “a"  (©g  +  ©g)  and  pathway  “b”  (©^  +  ©J  as 

F^>(E,  £,  J.;  a,b)  s  F‘'>(E,  £,  j}  ©g,  ©gl  ©.,  coj 

=  F‘”(a)  +  F^>(b)  +  F‘’>(ab)  (6) 

Here,  F^’(a)  and  F^’(b)  are  the  independent  photodisso¬ 
ciation  probabilities  associated  with  routes  a  and  b, 

F^>(a)  =  F^>(E,  E^  J.;  ©g,  ©0)  0), 

F‘»(b )  =  F‘»(E,  E^  J:,  ©.,  ©J  (8) 

with  the  right-hand  sides  defined  as  in  eq  3,  and  F^’(ab) 
is  the  interference  term  between  them,  discussed  below. 
Note  that  the  paths  a  and  in  eq  6  are  associated  with 
different  lasers  and  as  such  contain  different  laser  phases. 

The  optical  path-path  interference  term  F^’(ab)  is 
expressed  by 

F‘»(ab)  =  2\F'’’(ab)\cos(a.l  -  0%)  (9) 

where  the  relative  phase  (oc^  —  )  between  the  two 

paths  has  two  contributions: 

0%  =  (5^  -  5?)  +  60.  80  =  20„  -  0  -  0_  (10) 

Here  80  is  the  relative  laser  phases  between  the  two 
Brumer,  Chen,  and  Shapiro  /  Coherent  Control 


140 


paths  and  (8^  -  5^)  is  the  “molecular  phase”.  The  latter 
term,  along  with  the  amplitude  I  F-‘’\ab)\ ,  is  defined 
through  the  identity 

I  F‘i\ab)\  exp[j(5^  -  5^)] 


{J,  I  J,  Y  /  1  4  Y  1  h 

^[-Mi  0  Mi  {-Mi  0  Mi  {-Mi  0  Mi 

X  t*{E,EJ ^,(0^,(0 J  JpX,E'J'J 


(11) 


Equation  6  embodies  the  essential  principles  of  coher¬ 
ent  control.  That  is,  the  reaction  probability  into  channel 
q  is  given  by  contributions  from  the  two  direct  routes, 
plus  an  interference  term  between  them.  It  is  worthwhile 
emphasizing  that  the  interference  term  can  be  of  either 
positive  or  negative  sign,  enhancing  or  reducing  the 
probability  of  product  formation  in  the  product  channel  q. 
Both  the  direct  and  interference  terms  depend  on  the 
laboratory  parameters;  in  this  particular  case  on  the  laser 
intensities  and  relative  laser  phase  80.  Hence  by  varying 
these  laser  characteristics  in  the  laboratory  we  gain  direct 
control  over  the  quantum  interference  term  and  hence 
over  the  probability  and  yield  of  the  reaction. 

The  probability  of  product  in  the  (j-channel  is  actually 
the  sum  of  P^‘'KE,EJ:,a,b)  at  energy  E  =  E.  +  (eq  6) 

and  background  terms  which  correspond  to  contribu¬ 

tions  of  resonant  photodissociation  routes  to  energies 
other  than  E,  and  hence^  to  terms  which  do  not  coherently 
interfere  with  the  a  and  b  pathways.  In  particular, 
corresponds  to  absorption  of  (cOg  +  CD_),  (©g  +  ©^),  (©*  + 
©g),  or  (©^ + ©^),  leading  to  photodissociation  at  energies 
E_=  E.  +  ft(©g  +  ©.),  E^ = E.  +  fi(©o  +  ©J,  and  £„=  E.  + 
ft(©g  +  ©J,  respectively. 

The  actual  quantity  of  interest  for  reactivity  control  is 
the  branching  ratio  of  the  product  in  ^-channel  to  that  in 
5 '-channel,  denoted  by  (there  is  little  interest  in 
enhancing  probabilities  in  both  channels  since  this  can  be 
achieved  by  other  simpler  techniques,  e.g.,  by  raising 
laser  power,  and  this  does  not  necessarily  enhance  reac¬ 
tion  selectivity).  In  the  weak  field  case  P'’’  (a)  is  propor¬ 
tional  to  (fc)  to  tltl ,  and  P”  (ab)  to  e^e.,  so  that 
we  can  write  the  branching  ratio 


p^'^\EE:jr,a,b)  +  B^^^ 
a,b)  + 

_  + zlzl\i^+2^z  .ej  lcos(ag-ag) + 

+ £.1  lcos(af-<xf ') + 

(12) 


where  =  P^^Ka)f4  >  .  and  |  = 

I  P«'(flB)  !/(£§  e^sj.  The  terms  P’’  and  are  indepen¬ 
dent  of  the  relative  laser  phase  80,  and  can  be  minimized 
by  appropriate  choice  of  laser  parameters,  as  discussed 
elsewhere.^  Here  we  just  emphasize  that  the  product  ratio 
in  eq  12  depends  upon  both  the  laser  intensities  and  the 
relative  laser  phase.  Hence  manipulating  these  laboratory 
parameters  allows  for  control  over  the  relative  cross 
section  between  channels. 

Typical  control  results  for  the  three-frequency  ar¬ 
rangement  (Fig.  la)  have  been  previously  published*  in 
both  the  energy  regime  where  photodissociation  yields 
two  products  [Na(3p)  +  Na(3s),  and  Na(3s)  +  Na(4s)]  as 
well  as  three  products  [Na(3p) + Na(3s),  Na(3s) + Na(4s), 
and  Na(3s)  +  Na(3d)].  Typical  control  results  show  that 
the  range  of  yield  control  is  extensive,  with  yields  vary¬ 
ing,  for  example,  over  a  range  of  50%  with  changes  in 
laser  parameters.  Fewer  control  results  with  the  four- 
frequency  arrangement  (Fig.  lb)  have  been  published, 
but  the  control  range  is  similar. 

The  typical  structure  of  the  control  plot  is  shown  in 
Fig.  3  for  the  four-field  case  where  we  display  contours 
of  constant  product  fraction  in  a  given  channel  vs.  80  and 
X  Herex  i.e.,xis  the  ratioofthe  product 

of  laser  amplitudes  in  the  two  pathways.  The  frequencies 
chosen  correspond  to  ©^i*^  =  11,737  cm"',  —  16,774 

cm-',.©ff^  =  18,004  cm-',  ©If  =  16,507  cm'*.  Na^  is 
initially  in  the  sixth  vibrational  level  (v.= 5)  of  the  ground 
electronic  state.  These  frequencies  induce  resonant  exci¬ 
tation  from  v,=  5  (via  ©f )  to  v,=  38  of  the  A'Zj 
electronic  state,  and  (via  )  to  v^=  41  of  the  same 
electronic  state. 

Figure  3  makes  clear  that  there  is  substantial  variation 
of  the  product  yield  as  a  function  of  the  relative  laser 
phase  80.  At  constant  x,  this  is  due  solely  to  quantum 
interference  which  alters  the  cross  term  between  the  two 
optical  excitation  pathways. 

The  range  of  control  shown  in  Fig.  3  is  substantial,  but 
larger  variations  [e.g.,  a  range  of  15%  yield  to  95%  yield 
of  Na(3s) + Na(3d)]  have  been  seen  with  other  parameter 
choices.*  Comparisons  of  this  kind  are  important  to  gain 
an  appreciation  of  the  dependence  of  control  on  laser 
parameters. 

3.  LABORATORY  STABILIZATION  OF  THE 
RELATIVE  PHASE 

Figure  1  and  the  associated  eqs  6—10  provide  an  example 
of  one  coherent  control  scenario.  Reliance  upon  the 
laboratory-controllable  relative  phase  80  is  paramount. 
Under  ideal  circumstances,  80  is  entirely  within  the 
control  of  the  experimentalist.  However,  in  actuality  the 
laser  phase  can  drift  and  jitter,  reducing  the  range  of 
control.  Small  uncontrolled  relative  phase  fluctuations. 
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say,  due  to  difficulties  in  sustaining  a  stable  laserphase  in 
one  of  the  sources,  act  to  reduce  the  range  of  possible 
control.  Indeed  if  the  relative  phase  varies  extensively, 
thencosfa^  -ag  ),andhenceP^«>(af>),approacheszero. 
Control  is  then  lost.  Laboratory  methods  for  attaining 
relatively  stable  relative  phases  are  therefore  necessary; 
several  examples  are  discussed  in  this  section. 

Consider  first  the  nature  of  the  relative  laser  phase  59 
=  20  -0  -0  (eq  10)  which  embodies  a  generally  useful 
rule.Vha*t  is,  consider  any  laser  excitation  pathway  con¬ 
sisting  of  a  number  of  steps  in  volving  energy  absorption 
from  fields  with  phase  9^"^  and  stimulated  emission 
induced  by  fields  with  phase  .  Then,  in  accord  with 

perturbation  theory,  the  overall  laser  phase  associated 


Fig.  3.  Contours  of  equal  (a)  Na(3s)  +  Na(3d),  (b)  Na(3p)  + 
Na(3s),  (c)  Na(3s) + Na(4s),  and  yield  in  the  four-field  scenario. 
Ordinate  is  the  relative  laser  phase  in  the  four-field  scenario  and 

the  abscissa  is  the  field  intensity  ratiox.  (Here  Ti^  =  3and  t|j=  1 

where  /efp  )^  («  =  a,b).  Use  of  these  parameters,  as 

discussed  in  ref  2,  allows  reduction  of  the  satellite  contributions 

B^o.) 

with  that  route*  is  ©  =  +  S.  0^^"*^  .  For 

example,  in  the  case  of  Fig.  la,  one  route  acquires  phase 
-20J  through  2-photon  absorption  of  and  the  second 
acquires  the  phase  (—  0^— 0_)  from  absorption  offica^  and 
ftco  .  The  difference  in  the  phase  of  these  two  routes  is  then 
50,  the  quantity  appearing  in  eq  10. 

Nonlinear  optical  techniques  can  be  used  to  minimize 
uncontrolled  variations  in  the  relative  phase  due  to  laser 
jitter.  Specifically,  consider  generating  (0^=  co^  +  s  and 
CO  =  o)g  -  e  in  a  parametric  process  by  passing  a  beam  of 
frequency  203^  through  a  nonlinear  crystal.  This  latter 
beam  is  rissumed  generated  by  second  harmonic  genera¬ 
tion  from  the  1  aser  cOgWith  the  phase  0^.  Then’  the  quantity 
59  =  29(,-  0^  -  0_  is  a  constant.  That  is,  in  this  particular 
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approach  all  frequencies  emanate  from  a  single  original 
frequency  and  fluctuations  arising  from  6q  cancel 
between  the  two  sources.  In  this  fashion  the  2-photon  plus 
2-photon  scenario  is  made  insensitive  to  the  laser jitter  of 
the  incident  laser  fields. 

Such  considerations  of  laser  phase  are  quite  general 
and  allow  development  of  specific  nonlinear  optics 
schemes  appropriate  to  a  given  scenario.  Consider,  as  a 
second  example,  an  early  coherent  control  scenario.^ 
There  we  considered  a  molecule  in  an  initial  superposition 
of  two  bound  states,  [£.),  of  energies  E.  and  The 
superposition  state  was  then  irradiated  with  two  laser 
frequencies  CO^  =  (£-  E^th  and  co^  =  {E-E^lh  which  lift 
l£.)  and  l£.),  respectively,  to  the  dissociative  continuum 
at  energy  E.  Interference  between  the  photodissociation 
of  l£.)and  Ie.)  by  the  two  laser  fields  allows  for  coherent 
control  over  the  final  products  at  energy  E. 

Once  again  the  relative  laser  phase  0^  -  0^  is  a  control 
parameter,  where  0^^,  is  the  phase  of  the  field  of  frequency  co^.. 
Consider  then  the  following  approach  (see  Fig.  4)  which 
allows  for  preparation  of  the  initial  superposition  state  and 
subsequent  dissociation  so  that  the  relative  laser  phase  is 
insensitive  to  drift  and  jitter  of  the  excitation  sources. 

Let  a  portion  of  a  CW  laser  source  at  energy  /icOq  pump 
two  dye  lasers  which  in  turn  generate  frequencies  cOj  and 
co^.  COj  and  CO2  ^hen  each  mixed  with  cOq  in  two  nonlinear 
crystals,  to  produce  two  new  frequencies,  = cOq + 0)j  and 
CO3  =  cOq  +  CD,*  result  of  this  procedure  is  four 

working  frequencies:  co^.,  k  =  1,...,4  with  phases  0^,  k  = 
1,...,4.  Further,  the  phases  03  and  0^  are^  0^  =  0^  +  0^  and 

”  @0  0]  respectively,  due  to  the  nature  of  their 


Fig.  4.  Schematic  of  preparation  and  dissociation  of  a  coherent 
superposition  of  bound  states  and  1E.),  which  results  in 
cancellation  of  the  relative  phase  of  the  two  dissociation  routes. 


preparation. 

Consider  now  irradiating  the  molecule,  initially  in 
state  1e.),  with  the  four  fields  (Fig.  4).  The  sequence  of 
absorption  and  stimulated  emission  cOj  followed  by  co^ 
produces  a  superposition  of  \E)  and  1e^)  which  is  subse¬ 
quently  dissociated  by  CO3  and  co^.  If  the  initial  phase  of 
then  the  resultant  phase  of  l£.>,  prior  to  excita¬ 
tion  to  dissociation,  is  x-  9,  +  9j,  in  accord  with  the  rules 
discussed  above.  Path  a  to  dissociation,  excitation  of  Ie^) 
by  CD^,  acquires  the  overall  phase  X  “  ^4  =  X  “  “  ®i- 

Similarly,  path  b,  excitation  of  Ie)  by  ©3,  gives  a  phase 
(x-e,  +  03)-93=(x-e.+e3)-(e„+03)=x-0o-er 
Hence,  both  pathways  acquire  the  same  laser  phase  so 
that  the  difference  in  phase  between  paths  a  and  b,  upon 
which  the  control  depends,  is  now  zero!  A  phase  differ¬ 
ence  between  the  two  routes  is  then  easily  added  by,  e.g., 
delaying  one  frequency  relative  to  the  others.  Thus,  this 
overall  arrangement  leads  to  a  relative  phase  which  is 
insensitive  to  the  phase  jitter  and  drift  of  the  sources. 
Computations  on  this  scenario'®  for  Na^  photodissocia¬ 
tion  show  extensive  yield  control. 

Both  these  examples  utilize  rather  detailed  nonlinear 
optical  schemes  to  successfully  eliminate  experimental 
problems  associated  with  phase  fluctuations  in  the  light 
sources.  The  result  is  a  relatively  sophisticated  prepara¬ 
tion  of  the  optical  frequencies.  However,  the  relatively 
straightforward  “phase  rule”  discussed  above  does,  how¬ 
ever,  suggest  a  new  and  simple  approach  to  quantum- 
based  control  which  does  not  use  the  phase  as  a  control 
parameter  at  all.  This  is  discussed  in  the  next  section. 


4.  INTERFERENCE  CONTROL:  TWO-FREQUENCY 
CONTROL  OF  PHOTODISSOCIATION  YIELDS 
The  proposed  scenario"  is  depicted  in  Fig.  5a.  A  CW 
laser  of  frequency  ©j  excites  a  molecule  from  an  initially 


A  ^ 


£ 


(0l) 


(02) 


i£j> 


l£i> 


(a) 


Fig.  5.  (a)  Schematic  of  incoherent  frequency  control  scenario. 
Here  ie.)  is  an  initially  populated  bound  state  and  is  an 
initially  unpopulated  bound  state  which  is  coupled  to  the  con¬ 
tinuum  at  energy  e  by  a  laser  of  frequency  co^.  (b)  1 -photon 
pathway  inherent  in  panel  a.  (c)  3-photon  pathway  inherent  in 
panel  a. 
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populated  bound  state  le.)  to  the  dissociation  continuum 
l£,m,^~)  at  energy  e  (where  m  specifies  the  product 
quantum  numbers  and  q  labels  the  product  arrangement 
channel),  while  a  second  intense  laser,  of  frequency  co,, 
simultaneously  couples  the  continuum  to  bound  states 
kp  that  are  initially  devoid  of  population.  In  the  simplest 
picture,  with  both  lasers  on,  dissociation  to  km, 5“) 
occurs  via  direct  and  indirect  dissociation  paths,  le.) 
i£,m,(y-)  and  |e.)  le^.)  ^  l£,m,(?-),  as 

shown  in  Fig.  5b,c.  Contributions  from  these  pathways  to 
the  probability  of  dissociation  into  a  given  channel  q  at 
product  energy  e  interfere  either  constructively  or  de¬ 
structively. 

Consider  now  the  expected  behavior  of  the  relative 
phase  of  the  two  pathways.  Here  we  make  an  argument 
based  upon  perturbation  theory,  which  is  substantiated  by 
a  full  field  modeF^  below  and  by  exact  computation.  In 
accord  with  the  perturbation  theory  argument  of  Section 
2,  if  G.denotes  the  phase  of  the  field  of  frequency  co.,  then 
the  pathway  in  Fig.  5b  imparts  the  laser  phase  -9.  to  path 
a.  Similarly,  the  phase  imparted  in  the  Fig.  5c  pathway 
is  +  9,  ^  relative  phase  of  the  two 

paths  is  zero,  a  consequence  of  the  interna]  cancellation 
of  the  0,  phase  in  the  absorption  and  stimulated  emission 
step.  The  resultant  scenario  is  therefore  totally  insensitive 
to  the  phase  jitter  or  drift  of  either  laser.  Further,  unlike 
the  scenarios  above,  one  can  not  add  an  additional  phase 
to  one  pathway  which  does  not  appear  in  the  other 
pathway.  Hence  variation  of  phase  is  no  longer  a  useful 
control  parameter.  Further  note  that  if  the  fields  are  weak 
then  the  three-photon  pathway  will  only  be  significant 
when  CO,  =  (e-ep/^2,  i.e.,  on  resonance.  Thus  in  the  weak 
field  limit  varying  frequency  does  not  afford  a  means  of 
control.  Below  we  show,  however,  that  using  stronger 
fields  allows  highly  efficient  yield  control  with  variation 
of  the  frequencies  COj  and  O)^. 

To  introduce  notation  and  the  computational  method, 
consider  the  photodissociation  of  a  molecule  with  Ham¬ 
iltonian  in  the  presence  of  a  radiation  field  with 
Hamiltonian  The  total  Hamiltonian  H  =  + 

where  V  is  the  molecule-field  interaction.  The  radiation 
field  is  described  by  Fock  states  l/z^)  with  energy  n/ico^_, 
(In  the  case  of  several  frequencies,  the  repeated  index  in 

implies  the  sum  over  the  modes.)  Eigenstates  ofH^ 
include  bound  states  le^)  and  dissociative  continuum 
states  km,^").  The  latter  correlate  at  large  internuclear 
distances  with  states  of  the  product  in  channel  q  with 
energy  e  and  quantum  numbers  m.  In  general,  m  includes 
the  scattering  direction  £ . 

Photodissociation  dynamics  is  completely  embod- 
ied^‘  in  the  fully  interacting  eigenstates  of  the  total  Ham¬ 
iltonian  //,  denoted  l(e,m,^‘),  fh  )  Ifeni,^-),  it;  )  =  (e  + 
ltem,^‘),  //f )],  where  the  minus  superscript  on 


indicates  that  l(e,in,^’),  nj  )  becomes  the  noninteracting 
state  |(8,in,^-),/Zj)=  In^)  when  V  is  switched  off. 

If  the  system  is  initially  in  the  state  |e^  In)  and  the 

radiation  field  is  switched  on  suddenly,  then  the  photodis¬ 
sociation  amplitude  to  form  the  product  state  |e,m,  (T) 

IS  given  by'2((s,m,^-),  n;  |s,,n.).  Since 
=  0,  this  overlap  assumes  the  convenient  form 

((£,m,9-),n;  |e,,n.)  =  ((e,m,^),n^,  IWfe^+n^ftco^)  l£.,n.> 

‘  (13) 

by  using  the  Lippmann-Schwinger  equation  | 

=  ((£,m,^-),n^,  1+  ((£,m,5-),n^  |V'G(£*+  n^fito^).  Here  G(£) 
=  l/(£-  //)  and  £*  =  £  + 15,  with  5  0*  at  the  end  of  the 

computation.  Equation  13  is  exact  and  provides  a  con¬ 
nection  between  the  photodissociation  amplitude  and  the 
VG  matrix  element.  It  is  the  latter  which  we  compute 
exactly  using  a  high  field  extension  of  the  artificial 
channel  method.'^ 

Two  quantities areofinterest:thechannel  specific  line 
shape,  that  is 

A(£,q,n^  |£^,/g  =  C  |((£,  ic  ,q-),n;  la,/!.)  (14) 

as  a  function  of  energy  e,  and  the  total  dissociation, 
probability  to  channel  q 

\dzA{z,q,nM  (15) 

where  the  sum  is  over  photons  that  excite  the  molecule 
above  the  dissociation  threshold.  In  writing  eq  14  di¬ 
atomic  dissociation  is  assumed,  so  that  m  =  R . 

To  demonstrate  the  control  scenario,  consider  photo¬ 
dissociation  of  Na^  from  the  initial  state  k^  with  vibra¬ 
tional  quantum  number  v.=18  of  the  electronic  state, 
assumed  prepared  by  excitation  from  the  ground  elec¬ 
tronic  state.  Excitations  from  k.)byCDj  and  from  initially 
empty  ky)  by  CO^  arrive  at  the  dissociating  continua, 
producing  Na(3s)+Na(3p)  and  Na(3s)+Na(4s).  Compu-. 
tations  were  done  with  a  range  of  cOj  with  intensity 
which  is  sufficiently  energetic  to  dissociate  levels  of  the 

state  with  v  >  1 8  to  both  Na(3s)  +  Na(3p)  and  Na(3s) 

+  Na(4s).  The  second  laser  has  fixed  frequency  0)2  = 

1 3,964  cm*'^  and  intensity  1  x  W/cm^,  and  can 
dissociate  levels  with  v  >  31  to  both  products.  Under 
these  circumstances  the  dissociation  from  above  thresh¬ 
old  dissociation  is  found  to  be  negligible.  In  the  compu¬ 
tations  we  also  include  contributions  from  the  dissocia¬ 
tion  of  le.)  by  CO2  and  of  ky)  by  cOj,  which  cannot  be 
controlled  by  the  interference  effects  discussed  here,  but 
are  minimized  under  these  circumstances.  Results  shown 
here  are  typical  of  those  obtained  in  a  broader  class  of 
computations  which  we  have  carried  out.  Studies  which 
include  rotations  describing  effects  of  laser  intensities  on 
control  and  covering  a  wide  range  of  laser  powers  and 
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frequencies  of  the  two  lasers  are  to  be  included  in  a  future 
publication.*^ 

Figure  6  shows  computed  line  shapes  A(e,q,ni^  18,,  «.) 
(on  a  logarithmic  scale)  as  a  function  of  the  product 
translational  energy  e,  with  C0j=  1 3,964  cm’',0)j=  15,617 
cm-*,  /j  =  8.7  X  10’  W/cm-^  and  /j=  3.51  x  10‘“  Wcm\ 
Results  for  both  the  Na(3p)  +Na(3s)  and  Na(4s)  +  Na(3s) 
product  channels  are  shown.  These  frequencies  corre¬ 
spond  to  a  state  Is,.)  with  v.=  1 8,  and  that  of  |e^.)  with  v^.  = 
3 1 .  The  line  shape  A(e,9,n^  le,.,  n.)  is  comprised  of  a  series 
of  sharp  non-Lorentzian  peaks  and  dips,  each  followed  by 
a  broader  peak.  The  predominant  contribution  corre¬ 
sponds  to  direct  v.=  18  excitation,  whereas  the  subse¬ 
quent  smaller  sets  of  features  correspond  to  v  =  19,20 
contributions  arising  from  stimulated  emission  and  ab¬ 
sorption  from  and  to  the  continuum.  In  this  figure  the 
structure  “sharp  peak  followed  by  a  dip  followed  by  a 
broad  peak”  arises  due  to  quantum  interference  between 
the  two  pathways  shown  in  Fig.  5b,c,  and  higher-order 
absorption-emission  sequences.  Single  photon  absorp¬ 
tion  by  CO,,  by  comparison,**  shows  only  a  series  of  sharp 
non-Lorentzian  peaks  and  dips  and  not  the  double-peak 
structure  of  Fig.  6.  Note  that  it  is  significant  that  dissocia¬ 
tion  is  observed  from  states  other  than  the  initially  popu¬ 
lated  V,  =  1 8,  clearly  indicating  that  the  power  broadening 
is  on  the  same  order  of  magnitude  as  the  vibrational  level 
spacing. 

Computations  of  Ai£,q,n^  ie,.  n)  at  different  frequencies 
CO,  or  cOj  show  the  same  structure  as  Fig.  6  but  differ 
quantitatively.  This  has  the  significant  implication  that  by 
varying  CD.  we  can  control  the  channel  specific  line  shapes 
A{z,q,n^  le,,  n,)  as  we  have  indeed  demonstrated  elsewhere.'  * 
Further,  inte^tingA(6,^,n^  |e_.,n,)overE(eq  15)forvarious 
CO,  (or  CDj)  values  gives  P(^)  as  a  function  of  CO,.  Thus  by 
varying  co,  or  cOj  we  can  alter  the  probability  of  forming 
product  in  channel  q.  A  typical  resultof  these  computations. 


Fig.  6.  log  A(e,^,n,  le^n,)  as  a  function  of  e  (where  the  Na(3p)  + 
Na(3s)  asymptote  defines  the  zero  energy),  (a)  Na(3s)+Na(3p) 
product  and  (b)  Na(3s)+Na(4s)  product. 


where  co,  is  varied,  is  shown  in  Fig.  7  for  both  Na(3s)+Na(3p) 
[curve  (a)]  and  Na(3s)+Na(4s)  [curve  (b)]  channels.  All 
fixed  parameters  are  as  used  to  obtain  Fig.  6. 

The  probability  P{q)  is  seen  to  oscillate  strongly  as  a 
function  of  co,,  with  the  distance  between  the  peaks  (or 
dips)  being  the  vibrational  spacing  between  v = 3 1  and  32. 
The  oscillations  for  the  two  product  channels  are  out  of 
phase.  Hence,  for  example,  the  probabilities  of  producing 
Na(3s)+Na(4s)  and  Na(3s)  +  Na(3p)  at  co, «  15,680  cm"* 
are  0.18  and  0.68,  respectively.  The  reverse  situation 
occurs  at  co,  =  15,780  cm"',  where  68%  of  product  is 
Na(3s)  +  Na(4s).  Thus  varying  co,  provides  a  straightfor¬ 
ward  method  to  control  the  branching  ratio  into  final 
product  channels.  Furthermore,  and  significantly,  com¬ 
putations  show  that  arbitrarily  changing  the  relative  phase 
between  the  co,  and  cOj  does  not  alter  the  line  shape  or 
control  results.  This  computationally  confirms  the  argu¬ 
ment  given  above  showing  that  this  approach  is  insensi¬ 
tive  to  the  relative  laser  phase. 

Two  further  comments  are  significant.  First,  Fig.  7 
displays  a  repetitive  periodic-type  structure,  where  sev¬ 
eral  values  of  co,  give  essentially  the  same  value  of  P{.q). 
This  interesting  feature  arises  since  as  CO,  varies  it  couples 
different  bound  states  |/)  with  the  continuum  at  energy  e. 
Any  of  these  initially-empty  bound  states  is  equally 
successful  in  introducing  the  three-photon  pathway  (Fig. 
5c)  which  competes  with  the  one-photon  absorption  of 
CO,.  This  is  a  convenient  feature  which  allows  the  experi¬ 
mentalist  a  wide  range  of  possible  choices  of  cOj  with  no 
loss  of  success  in  control.  Second,  although  the  “period” 
of  the  oscillation  is  fixed  by  the  vibrational  level  spacing, 
the  width  of  the  features  depends  upon  the  laser  power. 
Specifically,  as  the  sources  become  weaker,  the  range 
over  which  control  varies  reduces.  Thus,  the  range  over 
which  control  varies  is  a  function  of  the  laser  power 
through  power  broadening. 


Fig.  7.  Probability  of  forming  (a)  Na(3s)+Na(3p)  and  (b) 
Na(3s)+Na(4s)  as  a  function  of  co,,  with  (Oj=  13,964  cm"',  /,= 
8.7  X  10’  W/cm-',  and  /j=  3.51  x  10'®  W/cm'*. 
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5,  SUMMARY 

We  have  provided  a  discussion  of  two  types  of  methods 
of  maintaining  relative  laser  phase  stability  in  coherent 
control  scenarios  for  altering  the  yield  in  photodissocia¬ 
tion.  The  first  approach  relies  on  the  judicious  use  of 
nonlinear  optics  techniques  to  produce  a  relative  phase 
which  is  insensitive  to  the  drift  or  jitter  of  the  laser 
sources.  The  second  type  of  method  introduces  specific 
multiphoton  pathways  in  which  laser  phase  contributions 
between  the  two  interfering  paths  cancel.  In  this  method 
it  is  the  variation  of  relative  laser  frequencies  which  is  the 
operant  control  variable.  Computations  on  the  photodis¬ 
sociation  of  Na^  show  large  ranges  of  control  in  each  of 
these  scenarios. 
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Coherent  radiative  control  provides  a  quantum-interference-based  method  for 
controlling  molecular  dynamics.  This  theory  is  reviewed  and  applications  to  a 
variety  of  processes  including  photodissociation,  asymmetric  synthesis  and  the 
control  of  currents  in  semiconductors  are  discussed.  State-of-the-art  computations 
on  the  photodissociation  of  CH3I,  IBr,  Na2  and  H2O  are  presented  to  show  that  a 
wide  range  of  yield  control  is  possible  under  suitable  laboratory  conditions.  The  role 
of  coherent  relative  laser  phase  is  emphasized  and,  in  a  most  recent  development, 
shown  to  be  insignificant  in  appropriately  designed  high-field  control  experiments. 


1.  Introduction 

Selectivity  is  at  the  heart  of  chemistry  and  the  control  of  reactions  using  lasers  has 
been  a  goal  for  decades.  Recently,  we  [1-20]  and  other  groups  [21-30]  have 
demonstrated  theoretically  that  one  can  achieve  this  goal  by  using  quantum 
interference  phenomena.  We  showed  that  phases  acquired  by  a  quantum  systems  while 
excited  by  lasers  enable  one  to  control  quantum  interferences,  and  hence  the  outcome 
of  many  dynamical  processes.  Initial  experimental  tests  [31-36]  of  our  approach, 
termed  coherent  control,  confirm  many  of  the  theoretical  predictions  and  prove  the 
viability  of  the  method. 

The  purpose  of  this  review  is  to  provide  an  introduction  to  the  concepts  (for  a 
discussion  of  the  basic  principles  of  coherence,  quantum  interference  and  time 
dependence,  which  are  fundamental  to  coherent  control  see,  for  example,  [37]) 
underlying  coherent  control  and  to  discuss  its  current  status  in  both  chemistry  and 
physics.  Section  1  provides  an  introduction  to  the  basics  of  coherent  control,  followed 
by  a  detailed  discussion  of  two  control  scenarios  in  §  2.  In  §  3  we  discuss  selection  rules 
to  control  and  in  §4  the  issue  of  control  of  a  thermal  ensemble.  Section  5  describes  the 
control  of  symmetry  breaking,  and  §  6  describes  the  production  of  photocurrents  in 
semiconductors.  Finally,  in  §  7  we  discuss  extensions  of  coherent  control  to  the  strong- 
laser-field  domain. 


1.2.  Aspects  of  scattering  theory  and  reaction  dynamics 
The  processes  that  we  wish  to  control  include  branching  ‘half -collisions, 

ABC->A-|-BC 


and  ‘full’  collisions, 


^AB  +  C, 

A  +  BC(m)^A-t-BC(m') 
^AB(m'')-fC. 


(1) 

(2) 

(3) 

(4) 
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In  the  above,  A,  B  and  C  are  atoms,  groups  of  atoms,  electrons  or  photons,  m  and  m' 
denote  the  internal  (vibrational,  rotational  and  photon  occupation)  quantum  numbers 
of  the  reactants  or  products. 

Given  lF(t  =  0),  the  system  wavefunction  at  an  initial  time,  the  evolution  of  the 
system  is  determined  by  the  time-dependent  material  Schrodinger  equation 


H^nt)=ih 


dnt) 

dt 


(5) 


where  Hy^  is  the  system  Hamiltonian.  The  wavefunction  at  long  times,  that  is  when  the 
products  are  well  separated,  provides  the  probabilities  of  forming  the  products.  The 
approach  to  be  followed  here  consists  of  expressing  the  time  evolution  in  terms  of  IE,), 
the  solutions  of  the  time-independent  Schrodinger  equation 

Hm|£,->  =  £.|£.>.  (6) 

The  long-time  behaviour  of  'P{t)  is  intimately  connected  with  the  nature  of  the  time- 
independent  continuum  energy  eigenstates.  For  every  continuum  energy  value  E,  each 
of  the  possible  outcomes  observed  in  the  product  region  is  represented  by  an 
independent  wavefunction.  The  fact  that  such  a  set  of  degenerate  wavefunctions  of  the 
separated  products  exists  implies  the  existence  of  a  set  of  degenerate  eigenfunctions  of 
the  total  Hamiltonian  (which  is  the  asymptotic  condition  of  scattering  theory  [38]),  and 
a  one-to-one  correlation  between  the  two  sets.  This  ‘boundary’  condition  is  expressed 
more  precisely  by  denoting  the  different  possible  chemical  products  of  the  break-up  of 
ABC  in  equation  (2)  by  an  index  q  (e.g.  q=  1  denotes  the  A-l-BC  products),  and  all 
additional  identifying  state  labels  by  m.  The  set  of  continuum  eigenfunctions  of  the 
material  Hamiltonian 

HfA\E,m,q~')  =  E\E,m,q~y  (7) 


is  now  defined  via  the  requirement  that  asymptotically  every  \E,  m,q~')  state  goes  over 
to  a  state  of  the  separated  products,  denoted  \E,  m,  q°},  which  is  of  energy  E,  chemical 
identity  q  and  remaining  quantum  numbers  m.  The  ‘minus’  superscript  serves  to 
indicate  this  choice  of  boundary  condition. 

The  description  of  the  system  in  terms  of  \E,m,q~y  has  an  important  advantage. 
Expressing  the  state  of  the  system  in  the  present  in  terms  of  these  states,  that  is  writing 
and  initial  continuum  state  as 


nt=o)=I 

q,  m 


(8) 


means  that  we  know  the  fate  of  the  system  in  the  future.  Since  each  of  the  \E,m,q~} 
states  correlates  with  a  single  product  state,  the  probability  of  observing  each  \E,  m,  q°y 
product  state  is  simply  given  by  |c,  „,(£)p,  the  preparation  probabilities.  The  probability 
of  producing  a  chemical  product  q  in  the  future  is  therefore  given  as 


dE\c,JE)\^ 


(9) 


The  fact  that  the  state  of  the  system  in  the  distant  future  is  pre-determined  by  the 
initially  created  state  is,  admittedly,  intuitively  obvious.  However,  the  consequences  of 
this  simple  fact  are  often  ignored.  For  example,  arguments  such  as  ‘intramolecular 
energy  scrambling  makes  reaction  control  difficult’,  are  misleading:  a  general  wave 
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packet  may  show  wondrously  complicated  temporal  behaviour,  and  yet  equation  (9) 
tells  us  that  the  probability  of  producing  product  q  in  the  long-time  limit  is  merely  the 
energy  average  of  the  preparation  probabilities.  Since  the  preparation  coefficients  are 
also  determined  by  the  energy  eigenstates,  we  see  that  the  long-time  limit  is  an  average 
property  of  the  states  which  make  up  a  given  wave  packet. 

Another  consequence  of  equation  (9)  is  that  pulse  shaping  which  merely  changes  the 
phases  of  the  preparation  coefficients  will  have  absolutely  no  effect  on  the  q  products 
yields  [13].  Likewise,  shortening  of  a  pulse,  which  results  in  broadening  of  the  power 
spectrum  of  that  pulse,  will  modify  the  coefficients  to  all  the  q  channels  and  will 

not  necessarily  ‘help  beat  out  IVR’. 

Below  we  demonstrate  that  the  key  to  laser  control  is  to  change  one 
coefficient  relative  to  another  c, .  „,(£)  coefficient  at  the  same  energy.  In  order  to 
understand  how  this  can  be  done  we  discuss  now  the  process  of  preparation. 

1.2.  Perturbation  theory,  system  preparation  and  coherence 

Consider  the  effect  of  an  electric  field  on  an  initially  bound  molecule.  The  molecule 
is  assumed  to  be  in  an  eigenstate  |£g>  of  the  radiation-free  Hamiltonian  before 
being  subjected  to  a  perturbing  incident  radiation  field  s{t).  The  overall  Hamiltonian  is 
then  given  by 

H  =  HM-d[e(r) +  £*(!)],  (10) 

where  d  is  the  component  of  the  dipole  moment  along  the  electric  field. 

Consider  now  the  case  in  which  the  impinging  photon  is  energetic  enough  to 
dissociate  the  molecule.  It  is  then  necessary  to  expand  |!£(t)>  in  the  bound  and 
scattering  eigenstates  of  the  radiation-free  Hamiltonian: 

mO>=Ici(t)|£i>exp(^-^^  +  X  d£c£.„.,,(t)|£,m,^->exp(^-^^.  (11) 

Insertion  of  equation  (1 1)  into  the  time-dependent  Schrodinger  equation  results  in  a  set 
of  first-order  differential  equations  for  the  Cv(£)  coefficients,  where  v  represents  either  the 
bound  (0  or  scattering  (£,  m,  q)  indices. 

For  weak  fields  the  use  of  first-order  perturbation  theory  gives,  for  the  post-pulse 
preparation  coefficient, 

—  s{(0£^£^(,E,m,q  |d|£g),  (12) 

where  £  is  the  pulse  duration  and 

£(ai)=  exp(ia)r)£(£)dr.  (13) 

(ZTlj  J  -  X 

where  W£,  =  (£  -  E^jh. 

The  process  described  above  amounts  to  the  creation  of  a  pure  state  (i.e.  a  state  for 
which  a  phase  may  be  defined)  in  the  continuum  by  a  well  defined  electric  field.  As  long 
as  there  are  no  random  collisions,  this  state  will  remain  pure  (i.e.  will  retain  its  phase),  a 
feature  of  some  importance  to  the  discussion  below. 

It  follows  from  equations  (9)  and  (12)  that  the  probability  P{E,q)  of  forming 
asymptotic  product  in  arrangement  q  is 

P(£,<j)  =  Xlc£,„.,(t»£)l^  =  ^Zle(w£,£g)<£g|dI£,m,g->l^ 

m  ft  m 


(14) 
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and  that  the  branching  ratio  R(l,2;£)  between  the  q=i  products  and  the  q=2 
products  at  energy  E  is  given  as 


_SJ<£,|d|£,m,r>|^ 

ZJ<£,ld|£,m,2->p- 


(15) 


1.3.  Coherent  radiative  control  of  chemical  reactions 
We  now  address  the  issue  of  how  to  alter  the  above  yield  ratio  i?(l,2;£)  in  a 
systematic  fashion.  Equation  (15)  makes  clear  that  (at  least  in  the  weak-field  regimen) 
this  cannot  be  achieved  by  altering  the  laser  intensity,  since  the  field  strength  cancels 
out  in  the  expression  for  R.  Any  other  quantity  which  appears  in  a  similar  form  in  both 
the  numerator  and  the  denominator  cannot  serve  as  a  handle  on  yield  control. 

Quantum  interference  phenomena  can,  however,  alter  the  numerator  or  denomi¬ 
nator  of  R  in  an  independent  and  controlled  way.  This  can  be  achieved  by  accessing  the 
final  continuum  state  via  two  or  more  interfering  pathways.  One  of  the  first  examples 
which  we  studied  [1]  involves  preparing  a  molecule  in  a  superposition  -l-C2l<^2) 
state  and  exciting  the  two  components  to  the  same  final  continuum  energy  £  by  using 
two  continuous- wave  (CW)  sources  (figure  1).  The  field  employed  is  of  the  form 


g(t)  =  6iexp(-i(Uit-l-i;(i)-t-e2  exp(-icu2f +%). 

where  lico, •  =  £  —  £,•.  A  straightforward  computation  [1]  yields 

1  +  S2C2<i>2\^\E,  W,  1  "  >1^ 


£(1,2;£)  = 


-\|2  > 


'Er„KsiCi(t>i  +  S2C2(t>2\i\E,m,2  >| 


(16) 

(17) 


where  e=8,  exp(ix,).  Expanding  the  square  gives 


£(1,2;£)  = 

<<^1  |d|£,  m,  1  -  >p  -h  \s2C2<(l>2m,  m,  1  -  >1^  -I-  2  Re  [cicf  <<^i|d|£,  m,  1 "  >] 

Sm[|eiCi<</'i|d|£,  m,2~y\^  +  |g2C2<02|d|£,  m,  2">|^  -1-2  Re  [cjclgigl  <<^i|d|£,  m,  2">] ' 

(18) 


The  structure  of  the  numerator  and  denominator  of  equation  (18)  is  of  the  type 
desired,  that  is  each  has  a  term  associated  with  the  excitation  of  the  l(^i>  state,  a  term 
associated  with  the  excitation  of  the  [(^2)  state,  and  a  term  corresponding  to  the 
interference  between  the  two  excitation  routes.  The  interference  term,  which  can  be 
either  constructive  or  destructive,  is  in  general  different  for  the  two  product  channels. 


Figure  1 .  A  general  two-step  scheme  for  inducing  controllable  quantum  interference  effects  into 
the  continuum  state  at  energy  E.  The  two  bound  states  (j)^  and  ^2  belong  to  a  lower 
electronic  state  whereas  the  level  at  energy  E  is  that  of  an  excited  electronic  state. 
Coherence  introduced  in  the  first  step  is  carried  into  the  continuum  (from  [12]). 
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Figure  2.  Contour  plot  of  the  yield  of  I*  (i.e.  fraction  of  I*  as  product)  in  the  photodissociation 
of  CH3I  from  a  superposition  state  comprised  of  (a)  (t^i,  Ji,Mi)=(0,0,0)  +  (i;2,y2>^2) 
=  (0, 1,0)  and  [b)  (0, 0, 0)  +  (0, 2, 0).  Here  r,,  J,-  and  M,-  are  the  vibrational,  rotational  and 
rotational  projection  quantum  numbers  respectively  of  the  ith  bound  state  (from  [1]). 

What  makes  equation  (18)  so  important  in  practice  is  that  the  interference  term  has 
coefficients  whose  magnitude  and  sign  depend  upon  experimentally  controllable 
parameters.  Thus  the  experimentalist  can  manipulate  laboratory  parameters  and,  in 
doing  so,  directly  alter  the  reaction  product  yield  by  varying  the  magnitude  of  the 
interference  term.  In  the  case  of  equation  (18)  the  experimental  parameters  which  alter 
the  yield  [1]  are  contained  in  the  complex  quantity  /I  =  £202/61  Cj.  Both  x  =  \A\  and 
— 02  =  arg(>l)  can  be  controlled  separately  in  the  experiment. 

Results  of  a  specific  computational  example  based  upon  equation  (18)  are  shown  in 
figure  2.  Here  we  consider  control  over  the  relative  probability  of  forming  I  (^P3/2)  as 
against  I  ^Pi/2,  denoted  I  and  I*  respectively,  in  the  dissocation  of  methyl  iodide: 

CHsI-^CHs  +  I  (19) 

^CH3  +  P.  (20) 

The  computations  were  carried  out  with  realistic  potential  surfaces  [39, 40]  within 
the  framework  of  a  fully  quantum  photodissociation  theory  [40, 41].  Figure  2  shows  a 
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typical  plot  of  the  yield  of  I*  as  a  function  of  9 1  —  62  and  S  =  x^/(l+x^).  (S  =  0 
corresponds  to  ei=0,  and  S  =  1  corresponds  to  S2=0.)  We  see  that  our  ability  to 
control  the  process  (‘range  of  control’)  is  almost  complete:  as  we  change  S  and  6^  —  02> 
the  yield  varies  from  30  to  70%  I.  Higher  and  lower  ratios  can  also  be  achieved  [42]  with 
different  choices  of  the  initial  pair  of  states  |<^i>  and  1^2)- 

These  ideas  can  be  naturally  extended  to  the  control  of  N  products,  using  an  initial 
superposition  of  N  states  [17].  Experimentally,  the  creation  of  an  initial  superposition 
of  two  (or  more)  states  may  be  achieved  by  acting  on  a  single  ground  state  with  a  light 
pulse  whose  frequency  width  spans  the  levels  of  interest  [9-11].  Alternatively,  one  can 
employ  stimulated  emission  pumping  through  an  intermediate  electronic  state  [20]. 
The  ‘real-time’  analogue  of  the  above  scenario  with  two  CW  frequencies,  in  which  the 
superposition  state  preparation  is  affected  by  a  single  broad-band  pulse  and  the 
dissociation  by  a  second  pulse,  is  discussed  in  detail  in  §  2.2. 


2.  Representative  control  scenarios 

As  mentioned  above,  the  two-step  approach  of  figures  1  and  2  is  simply  one 
particular  implementation  of  coherent  control;  numerous  other  scenarios  may  be 
designed.  They  all  rely  upon  the  same  ‘coherent-control  principle’  that,  in  order  to 
achieve  control,  one  must  drive  a  state  through  multiple  independent  optical  excitation 
routes  to  the  same  final  state. 

It  is  helpful  to  think  of  coherent  control  as  analogous  to  a  double-slit  (or  multiple- 
slit)  experiment;  the  tuning  in  of  a  desired  product  ratio  R,  accomplished  by  varying  the 
external  laser  parameters  (e.g.  A),  is  analogous  to  probing  different  regions  of  a  screen 
on  which  the  double-slit  interference  patterns  are  imaged.  Control  arises  because  these 
interference  patterns  are  different  for  different  final  channels  (because  of  the  different 
molecular  phases). 

It  would  seem  that  laser  incoherence  would  lead  to  loss  of  control  since  incoherence 
implies  that  the  phases  of  and  62  in  equation  (18)  are  random.  An  ensemble  average  of 
these  phases  is  expected  to  lead  to  the  disappearance  of  the  interference  term.  This  is 
only  true,  however,  in  the  fully  incoherent  limit.  Control  can  persist  in  the  presence  of 
some  laser  incoherence  [19]  or  when  the  initial  state  is  described  by  a  mixed,  as  distinct 
from  pure,  state  [7].  Most  surprising  is  the  fact,  described  below,  that,  by  utilizing 
strong  laser  fields,  one  can  attain  quantum  interference  control  with  completely 
incoherent  sources  [43]. 

We  now  describe  in  more  detail  two  additional  control  scenarios. 

2.1.  Interference  between  n-photon  and  m-photon  routes  (‘n-f-m’  control) 

So  far,  we  exploited  quantum  interference  phenomena  by  dissociating  a  superpo¬ 
sition  of  several  energy  eigenstates  with  a  single-type  (one-photon  absorption)  process. 
It  is  possible  instead  to  start  with  a  single  energy  eigenstate  and  to  employ  interference 
between  optical  routes  of  different  types.  Such  is  the  interference  between  two 
multiphoton  processes  of  different  multiplicities.  In  order  to  satisfy  the  coherent- 
control  principle,  which  requires  that  we  reach  the  same  final  energy  E,  we  must  use 
photons  of  commensurate  frequencies,  that  is  frequencies  which  satisfy  an  mcJx  =  nco2 
relation,  with  integer  m  and  n.  Selection  rules  dictate  the  acceptable  n,  m  pairs. 

As  the  simplest  example,  we  examine  a  one-photon  process  interfering  with  a  three- 
photon  process  (‘3-1-1’  control).  Let  and  be  the  nuclear  Hamiltonians  for  the 
ground  state  and  the  excited  electronic  state  respectively,  Hg  is  assumed  to  have  a 
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Figure  3.  A  multiple-optical-route  scheme  to  induce  controllable  quantum  interference  effects 
into  the  continuum  state  at  energy  E.  Here  the  level  </>g  is  a  bound  state  of  a  lower  electronic 
state  and  that  at  £  is  a  continuum  state  of  the  excited  electronic  state.  Simultaneous 
application  of  frequencies  co^  and  0)3  =  30),  leads  to  interference  in  the  continuum  state 
(from  [12]). 


discrete  spectrum  and  to  possess  a  continuous  spectrum.  The  molecule,  initially  in 
an  eigenstate  |£,>  of  Hg,  is  subjected  to  two  electric  fields  (figure  3)  given  by 

s{t)  =  Ei  cos(o)it  +  kj  •  R  +  6i)  +  63COs(a)3r  +  h3  •  R  +  63).  (21) 

Here  0)3  =  30),,  £i  =  eiii,  l=l,3;£,  is  the  magnitude  and  s,  is  the  polarization  of  the 
electric  fields.  The  two  fields  are  chosen  parallel,  with  k3  =  3ki. 

The  probability  P(E,  q;  £,)  of  producing  a  product  with  energy  E  in  arrangement  q 
from  a  state  |£,>  is  given  by 

P{E,q;Ed  =  P,iE,qiE,}  +  P,,{E,q;E.:^  +  PfE,q;E,),  (22) 

where  £,(£,  q;  £;)  and  P^iE,  q;  ED  are  the  probabilities  of  dissociation  due  to  the  o),  and 
0)3  excitation,  and  P]^fi^E,q-,ED  is  the  term  due  to  interference  between  the  two 
excitation  routes. 

In  the  weak-field  limit,  P-ffi,  q;  £,)  is  given  by 


£3(£,g;£,)  =  (^^Je|£f, 

(23) 

where 

n 

(24) 

d  is  the  electric  dipolar  operator  and 

(fi3-d).,g  =  <c|£3-d|0>, 

(25) 

with  \gy  and  |e>  denoting  the  ground  state  and  excited  electronic  state  respectively. 
Pi{E,q;ED  is  given  in  third-order  perturbation  theory  by  [6] 


P,iE,q-ED  =  (^j£tF^?\  (26) 


where 


(27) 
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with 

T  =  {z,-d),JE,-H,  +  2ho),rHh'^)sJE,-H,  +  hco,)-\Br<ik,-  (28) 

We  assumed  that  Ei  +  2hcoi  is  below  the  dissociation  threshold  and  that  dissociation 
occurs  from  the  excited  electronic  state  only. 

A  similar  derivation  [6]  gives  the  cross-term  in  equation  (22)  as 

Pi3(£,  q;  £,)  =  -  cos  (03  -  +  <5^])  |f  ^1|  (29) 

with  the  amplitude  and  phase  defined  by 


|P<«>  exp (i^i^i) = X  <£,.| T\E,n,q-yiE,n,q- |(l3  •  d),  J£,>.  (30) 

n 

The  branching  ratio  between  the  q  and  q'  products  can  then  be  written  as 

_  P(£,g;£,)  sif</>-2£3ef  cos(03-30^-F0<^>)|£<^>|+£fFy 

P(£,^';£.)  £i£r^-2e3£^os(03-30i+0<«3>)lf'i"3’l+eif‘i'''’ 


Next  we  rewrite  equation  (3 1)  in  a  more  convenient  form.  We  define  a  dimensionless 
parameter  £;  and  a  parameter  x  as  follows: 


£(  —  £(€(3 


for  /=  1,3, 


(32) 


The  quantity  Sq  essentially  carries  the  unit  for  the  electric  fields;  variations  in  the 
magnitude  of  £o  can  also  be  used  to  account  for  unknown  transition  dipole  moments. 
Utilizing  these  parameters,  equation  (31)  becomes 

^  Ff  -  2x  cos  (03-301  +  d[%)  I  xhtF^f 

49'  f<34')_2xcos(03-30i-l-0\«3))£^|£'l«3>|+x^£^p<l«'''  ^  ’ 


The  numerator  and  denominator  of  equation  (33)  contain  contributions  from  two 
independent  routes  and  an  interference  term.  Since  the  interference  term  is  controllable 
through  variation  in  laboratory  parameters,  so  too  is  the  product  ratio  Thus  the 
principle  upon  which  this  control  scenario  is  based  is  the  same  as  in  the  first  example 
above,  although  the  interference  is  introduced  in  an  entirely  different  way. 

Experimental  control  over  is  obtained  by  varying  the  difference  03  — 30i  and 
the  parameter  x.  The  former  is  the  phase  difference  between  the  ca3  and  the  cui  laser 
fields  and  the  latter,  via  equation  (32),  incorporates  the  ratio  of  the  two  laser 
amplitudes.  Experimentally  one  e visages  using  ‘tripling’  to  produce  CO3  from  cd^;  the 
subsequent  variation  in  the  phase  of  one  of  these  beams  provides  a  straightforward 
method  of  altering  03  —  30i.  Indeed,  generating  GJ3  from  (o^  allows  for  compensation  of 
any  phase  jumps  in  the  two  laser  sources.  Thus  the  relative  phase  0)3  —  30)  is  well 
defined. 

With  the  qualitative  principle  of  interfering  pathways  established,  it  remains  to 
determine  the  quantitative  extent  to  which  coherent  control  alters  the  yield  ratio  in  a 
realistic  system.  To  this  end  we  consider  an  application  to  one-photon  as  against  three- 
photon  (‘3-1-1’)  photodissociation  of  IBr.  In  particular,  we  focus  on  the  energy  regime 
where  IBr  dissociates  to  both  I  (^P3/2  +  Br  ^P3/2  and  I  (^P3/2  +  Br*  ^Pi/2-  The  IBr 
potential  curves  and  coupling  strengths  used  in  the  calculation,  taken  from  the  work  of 
Child  [44],  are  shown  in  figure  4. 
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Figure  4.  IBr  potentiai  curves  relevant  in  the  one-plus-three-photon-induced  dissociation 

(from  [14]). 

A  complete  computation  requires  inclusion  of  angular  momentum.  A  detailed 
discussion  of  the  role  of  angular  momentum  is  given  in  §  3.  Here  we  simply  display  the 
results  of  the  quantum  calculation  which  fully  incorporates  all  the  rotational  states 
involved  in  the  ‘3  -1- 1’  coherent  control  of  IBr.  Two  different  cases  were  examined:  those 
corresponding  to  fixed  initial  magnetic  quantum  numbers  M,-  and  those  corresponding 
to  averaging  over  a  random  distribution  of  M,-  for  fixed  J^.  Results  typical  of  those 
obtained  are  shown  in  figures  5  and  6,  where  we  provide  a  contour  plot  of  the  yield  of 
Br*  ^Pi/2  for  the  case  of  excitation  from  J,  =  1,  M,  =  0,  and7,  =  42  with  an  average  over 
Mi,  as  a  function  of  laser  control  parameters  (relative  intensity  and  phase).  The  range  of 
control  in  each  case  is  vast  with,  remarkably,  no  loss  of  control  with  averaging  over  Mj. 

As  pointed  out  above,  ‘3  -I-  V  is  not  necessarily  the  only  viable  control  scenario  in  the 
‘n  +  m’  family.  It  has  the  advantage  that  one  may  generate  one  of  the  frequencies  (the 
tripled  photon)  from  the  other.  This  is  indeed  the  reason  why  the  ‘3-1-1’  route  was  the 
first  control  scenario  to  be  implemented  experimentally  (see  discussion  below). 

As  discussed  in  §  3,  control  of  integral  (in  contrast  with  differential)  cross-sections 
requires  that  the  \E,n,q~}  continuum  states  be  made  up  of  equal  parity  1 J,  M>  angular 
momentum  states.  This  means  that,  in  the  ‘m  -1-  n’  control  scheme,  the  integer  n  must 
have  the  same  parity  as  the  integer  m.  Thus,  studies  of  a  ‘2  -1-  2’  scheme  for  the  control  of 
Na2  photodissociation  [18, 45]  (discussed  in  detail  in  §  4)  and  of  a  ‘2  4-  4’  scenario  for  the 
control  of  the  CI2  photodissociation  [46],  have  been  published.  In  addition,  studies  of 
‘3  -f  r  control  with  strong  fields  have  also  appeared  [47, 48].  These  studies  and  others 
[47]  have  verified  that  ‘n-l-m’  control  is  viable  even  when  strong  fields  are  used. 
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Figure  5.  Contour  plot  of  the  yield  of  Br’^l^Pi..,)  (percentage  of  Br*  as  product)  in 
photodissociation  of  IBr  from  an  initial  bound  state  in  X  ’ Zq  with  u = 0,  J,-  =  1  and  M,- = 0. 
Results  arise  from  simultaneous  (cui,co3)  excitation  (<U3  =  3a)j),  with  a)i  =  6657-5  cm"  ^ 
(from  [14]). 
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Figure  6.  As  in  figure  5  but  for  i;=0,  J,=42,  0)1  =  6635-0  cm  *  and  M  averaged  (eo=8)  (from 
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although  the  dependence  on  the  x  amplitude  and  the  d„  —  39„  phase  factors  are  no 
longer  as  transparent  as  in  the  weak-field  case  discussed  above. 

The  weak-field  ‘3  -f- 1’  scenario  has  now  been  experimentally  implemented  in  part  in 
REMPI-type  experiments.  The  experiments  demonstrated  control  of  the  total 
ionization  rate,  first  in  Hg  [31],  and  then  in  HCl  and  CO  [32].  In  the  case  of  HCl  [32], 
the  molecule  was  excited  to  an  intermediate  vibrational  resonance,  using  a 

combination  of  three  co^  (2i  =  336  nm)  photons  and  one  co^  (Aj  =  1 12  nm)  photon.  The 
a>2  beam  was  generated  from  an  coj  beam  by  tripling  in  a  Kr  gas  cell.  Ionization  of  the 
intermediate  state  takes  place  by  absorption  of  one  additional  coi  photon. 

The  relative  phase  of  the  light  fields  was  varied  by  passing  the  co^  and  (O2  beams 
through  a  second  Ar  or  H2  (‘tuning’)  gas  cell  of  variable  pressure.  The  HCl  REMPI 
experiments  verified  the  prediction  of  a  sinusoidal  dependence  of  the  ionization  rates 
on  the  relative  phase  of  the  two  exciting  lasers  of  equation  (33).  The  HCl  experiment 
also  verified  the  prediction  of  equation  (33)  of  the  dependence  of  the  strength  of  the 
sinusoidal  modulation  of  the  ionization  current  on  the  x  amplitude  factor. 

As  discussed  in  §  3,  if  one  is  content  with  controlling  angular  distributions,  one  can 
lift  the  equal-parity  restriction.  The  absorption  of  two  photons  of  perpendicular 
polarizations  [5, 8],  or  of  two  photons  interfering  with  their  second-harmonic  photon 
(‘2-f  r  scenario)  [8,35,36],  results  in  states  of  different  parities.  Although  such 
processes  do  not  lead  to  control  of  integral  quantities,  they  do  allow  for  control  of 
differential  cross-sections.  The  ‘1-1-2’  scenario  (discussed  in  §4)  has  been  implemented 
experimentally  for  the  control  of  photocurrent  directionality  in  semiconductors,  using 
no  bias  voltage  [35]. 


2.2.  The  pump-dump  scheme 

A  useful  extension  of  the  scenario  outlined  in  §  1.3  is  a  ‘pump-dump’  scheme,  in 
which  an  initial  superposition  of  bound  states  is  prepared  with  one  laser  pulse  and 
subsequently  dissociated  with  another.  The  scenario  is  shown  qualitatively  in  figure  7. 
The  pump  and  dump  steps  are  assumed  to  be  temporally  separated  by  a  time  delay  t. 


Sd 


Figure  7.  Coherent  radiative  control  via  a  picosecond  pulse  scheme.  In  this  case  a  single  level  is 
excited  with  a  laser  pulse  to  produce  a  superposition  of  two  bound  states  in  an  excited 
electronic  state.  Subsequent  de-excitation  of  this  state  to  the  continuum  of  the  ground  state 
allows  control  over  the  reaction  on  the  ground  state  surface  (from  [12]). 
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The  analysis  below  shows  that  under  these  circumstances  the  control  parameters  are 
the  central  frequency  of  the  pump  pulse  and  the  time  delay  between  the  two  pulses. 

Consider  a  molecule,  initially  (t  =  0)  in  eigenstate  |£g>  of  Hamiltonian  subjected 
to  two  transform  limited  light  pulses.  The  field  e(r)  consists  of  two  temporally  separated 
pulses,  that  is  e{t) = + sjt),  with  the  Fourier  transform  of  denoted  e^Cca),  etc.  For 
convenience,  we  have  chosen  Gaussian  pulses  peaking  at  t  =  t,  and  respectively.  As 
discussed  in  §  1.2,  the  £;t(t)  pulse  induces  a  transition  to  a  linear  combination  of  two 
excited  bound  electronic  states  with  nuclear  eigenfunctions  |£i>  and  |£2)>  the  ed(t) 
pulse  dissociates  the  molecule  by  further  exciting  it  to  the  continuous  part  of  the 
spectrum.  Both  fields  are  chosen  to  be  sufficiently  weak  for  perturbation  theory  to  be 
valid.  Contrary  to  popular  expectation,  perturbation  theory  does  not  imply  a  small 
total  photodissociation  yield.  Computational  results  [50]  indicate  that  perturbation 
theory  is  quantitatively  correct  for  dissociation  probabilities  as  large  as  0-2. 

The  superposition  state  prepared  by  the  £,;({)  pulse,  whose  width  is  chosen  to 
encompass  just  the  two  and  £2  levels,  is  given  in  first-order  perturbation  theory  as 

=  l-Eg)  +  ci|£i>  exp  +  C2|£2>  exp  (34) 

where 

c,=^^<£,|d|£g>£>,g),  k  =  l,2,  (35) 

with  <0tg  =  (£t-£g)/ft. 

After  a  delay  time  of  t  =  tj  —  tx  the  system  is  subjected  to  the  £d(t)  pulse.  It  follows 
from  equation  (34)  that  after  this  delay  time-eachqjreparation  coefficient  has  picked  up 
an  extra  factor  of  exp  ( — lE^xlh),  fc  =  1 , 2.  Hence,  the  phase  of  c  1  relative  to  C2  at  that  time 
increases  by  —  (£1  —  E-2)xlh  =  0)2. 1  t.  Thus  the  natural  two-state  time  evolution  replaces 
the  relative  laser  phase  of  the  two-frequency  control  scenario  of  §  1-3. 

After  the  decay  of  the  £d(t)  pulse  the  system  wavefunction  is  given  as 

|iA(f)>  =  l<^>(i)>  +  E  fd££(£,n,q|t)|£,n,^->exp(^-^^.  (36) 

The  probability  of  observing  the  q  fragments  at  total  energy  £  in  the  remote  future  is 
therefore  given  as 


P{E,q)  =  Y^\B{E,n,q\t=co) 


=  ^  Z^Ct<£,n,^"|d|£t>£d(cO££j|  ,  (37) 

where  a)££^  =  (£  — £fc)/ft,  and  is  given  by  equation  (35). 

Expanding  the  square  and  using  the  Gaussian  pulse  shape  give 

PiE,q)=^  [|cil^d<i’\£?  +  |c2pd^2’>2£2  +2|cicf£i£2d<i«j2l  cos((U2,i(^d-^x)  +  au2(f:)  +  <^)]> 


where  £i=|ed(t^££,)l><^2.i  =(£^2-£^i)/^  arid  the  phases  <p,  a‘i^.2(£)  are  defined  by 

<£ild|£g><£g|d|£2>  =  |<£i|d|£g><£g|dl£2>|exp(i0) 


din(£)^  IdM  exp  [ia5(£)]  =Z  <£,n,  g-|d|£,><£,|d|£,  n,q-y.  (39) 
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Integrating  over  E  to  encompass  the  full  width  of  the  second  pulse  and  forming  the 
ratio  Y-  P{q)j'LJ*{q)  give  the  ratio  of  products  in  each  of  the  two  arrangement  channels, 
that  is  the  quantity  that  we  wish  to  control.  Once  again  it  is  the  sum  of  two  direct 
photodissociation  contributions,  plus  an  interference  term. 

Examination  of  equation  (38)  makes  clear  that  the  product  ratio  Fean  be  varied  by 
changing  the  delay  time  T  =  t^-fOT  ratio  x  =  IcJcjl;  the  latter  is  not  conveniently  done 
by  detuning  the  initial  excitation  pulse. 

It  is  enlightening  to  consider  this  scenario  as  applied  [9]  to  a  model  branching 
photodissociation  reaction  with  masses  of  D  and  H,  that  is 

H  +  HD^DH2-^D  +  H2,  (40) 

in  which  one  uses  the  first  pulse  to  excite  a  pair  of  states  in  a  binding  (Rydberg) 
electronic  state  and  the  second  pulse  to  dissociate  the  system  by  de-exciting  it  back  to 
the  ground  state.  Typical  results  (see  also  [9])  for  control  are  shown  in  figure  8  where 
the  yield  is  seen  to  vary  from  16  to  72%  as  the  time  delay  and  tuning  of  the  initial 
excitation  pulse  are  varied.  This  is  an  extreme  range  of  control,  especially  in  light  of  the 
fact  that  the  two  product  channels  differ  only  in  mass  factors. 

It  is  highly  instructive  to  examine  the  nature  of  the  superposition  state  prepared  in 
the  initial  excitation  (equation  34)  and  its  time  evolution  during  the  delay  between 
pulses.  An  example  of  such  a  state  is  shown  in  figure  9  where  we  plot  the  wavefunction 
for  a  collinear  model  of  the  reaction  of  equation  (40).  Specifically,  the  coordinates  are 
the  reaction  coordinate  S  and  its  orthogonal  conjugate  x.  The  wavefunction  is  shown 
evolving  over  half  of  its  total  possible  period.  Examination  of  figure  9  shows  that  de¬ 
exciting  this  superposition  state  (figure  9  b)  would  yield  a  substantially  different 


Figure  8.  Contour  plot  of  the  DH  yield  in  the  reaction  D+H2->DH  +  H.  The  control 
parameters  are  the  difference  in  energy  between  the  excitation  pulse  centre  energy  £,  and 
the  average  energy  E^y  of  the  two  excited  levels  and  the  time  t  between  the  pulses.  Although 
the  abscissa  begins  at  zero  and  spans  approximately  one  period,  the  results  are  periodic  in 
the  delay  time  (from  [9]). 
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Figure  9.  Time  evolution  of  the  square  of  the  wavefunction  for  a  superposition  state  comprised 
of  levels  56  and  57  of  the  G1  surface  of  H3.  The  probability  is  shown  as  a  function  of  the 
reaction  coordinate  S  and  orthogonal  distance  x  at  times  of  (a)  0,  (b)  0-0825  ps,  (c)  0-165  ps, 
(d)  0-33  ps,  (e)  0-495  ps  and  (/)  0-66  ps,  which  correspond  to  equal  fractions  of  one  half  of  the 
period  2jt/a)2_  1  (from  [9]). 

product  yield  from  de-exciting  at  the  time  in  figure  9  (e).  However,  there  is  clearly  no 
particular  preference  of  the  wavefunction  for  large  positive  or  large  negative  S  at  these 
particular  times,  which  would  be  the  case  if  the  reaction  control  were  a  result  of  some 
spatial  characteristics  of  the  wavefunction.  Rather,  the  essential  control  characteristics 
of  the  wavefunction  are  carried  in  the  quantum  amplitude  and  phase  of  the  created 
superposition  state. 

A  second  example  of  pump-dump  control  [1 1]  is  provided  by  the  example  of  IBr 
photodissociation.  Specifically,  we  showed  that  it  is  possible  to  control  the  Br*  against 
Br  yield  in  this  process,  using  two  conveniently  chosen  picosecond  pulses.  The  first 
pulse  was  chosen  to  prepare  a  linear  superposition  of  two  bound  states  which  arise  from 
mixing  of  the  X  and  A  states.  A  subsequent  pulse  pumps  this  superposition  to 
dissociation  where  the  relative  yields  of  Br  and  Br*  are  examined.  Results  typical  of 
those  obtained  are  shown  in  figure  10  where  the  relative  yield  is  shown  as  a  function  of 
the  delay  between  pulses  and  the  detuning  of  the  pump  pulse  from  the  energetic  centre 
of  the  two  bound  states  in  the  initial  superposition.  The  results  show  the  vast  range  of 
control  which  is  possible  with  this  relatively  simple  experimental  set-up.  Once  again  it 
is  worth  noting  that  both  the  potential  energy  surfaces  and  the  quantum  photodissoci¬ 
ation  computations  are  ‘state  of  the  art’,  so  that  the  results  should  be  representative  of 
results  expected  in  the  laboratory. 

Theoretical  work  on  similar  pump-dump  scenarios  for  the  control  of  the 

D  +  OH^HOD-^H-bOD 

dissociation  via  the  B  state  [51]  of  HOD  and  the  A  state  [52]  of  HOD  have  recently 
been  published.  Experimental  work  on  the  control  of  this  system  is  now  in  progress 
[53]. 

3.  Selection  rules 

We  now  discuss  in  greater  detail  issues  of  selection  rules  in  coherent  control.  We 
show  that  there  are  some  strict  limitations  on  the  types  of  scenario  which  can  be  used  to 
control  integral  properties.  The  term  ‘integral’  (as  distinct  from  ‘differential’)  is  used 
here  to  describe  any  quantity  in  which  averaging  over  angles  and/or  final  polarizations 
takes  place  in  the  detection  process.  The  most  obvious  of  such  integral  quantities  is  the 
total  yield  of  a  reaction. 
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Figure  10.  Computed  control  over  the  Br  yield  as  a  function  of  £,  (the  excitation  pulse 
detuning)  and  r  (the  time  delay  between  the  pulses)  (from  [11]).  Br  yield  =  20  cm  “  \ 

=  2cm'\  15 230cm- 

Most  of  the  limitations  imposed  on  the  control  of  integral  quantities  do  not  apply  to 
the  control  of  differential  attributes.  Examples  of  differential  quantities  of  interest 
include  the  control  of  current  directionality  [8]  (see  §6),  and  of  the  angular 
distributions  of  photofragments  [5]. 

The  discussion  below  can  be  summarized  in  terms  of  two  general  selection  rules  for 
integral  control. 

(а)  The  (two)  interfering  pathways  must  be  able  to  access  continuum  states  with  the 
same  magnetic  quantum  numbers.  This  rule  holds  even  when  the  initial  states  are 
M  polarized. 

(б)  If  the  initial  state  is  not  M  polarized,  integral  control  can  only  be  achieved  via 
interference  between  continuum  states  of  equal  parity.  Two  pathways  which 
generate  states  of  opposite  parity,  such  as  one-photon  and  two-photon 
absorption,  cannot  lead  to  integral  control  of  unpolarized  initial  states. 
However,  these  pathways  can  [5, 8]  and  do  [35, 36]  lead  to  differential  control 
of  unpolarized  states  or  integral  control  of  polarized  beams  (subject  to  selection 
rule  (a)). 

In  order  to  see  how  these  selection  rules  come  about  we  use  a  symmetric-top 
molecule  as  a  working  example  and  the  superposition-state  control  scenario  outlined 
in  §  1.3.  To  be  more  specific,  we  consider  CH3I.  This  symmetric-top  molecule  is  in  many 
ways  equivalent  to  a  linear  triatomic  molecule  [39],  since  in  both  the  ground  and  the 
first  few  excited  states  the  I,  and  C  and  the  H3  (CM)  do  not  deviate  significantly  from 
the  collinear  configuration. 

CH3I  dissociates  to  yield  CH3(v)-f  I*  ^Pi/2  and  CH3(v)-|-I  ^P3/2-  The  relevant 
quantum  numbers  for  the  bound  states  |(^(>,  \(f>j}  which  make  up  the  initial 
superposition  state  are  the  energy  £.•  and  the  total  angular  momentum  and  its  z 
projection,  J,-  and  M,-  respectively;  hence  we  denote  the  states  as  IE,-,  etc.  The 

products’  label  m  is  composed  of  the  final  CH3  (umbrella)  vibrational  state  v,  the  CH3 
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scattering  angles  relative  to  the  polarization  direction  of  the  photolysis  laser  R(  =  (f)^,  6^), 
and  the  products’  electronic  state  index  q  =  l  or  q  =  2. 

The  molecule  is  a  symmetric  top  rather  than  a  simple  rotator  owing  to  the  presence 
of  /,  the  projection  of  the  total  angular  momentum  on  the  CH3-I  axis.  In  general,  X  is  a 
projection  of  both  the  electronic  angular  momentum  and  the  rotation  of  the  CH3  group 
about  the  C-I  axis.  In  the  present  discussion  we  ignore  the  nuclear  component  of  X  and 
concentrate  on  the  electronic  component. 

In  the  photoexcitation  to  the  first  (A)  continuum  of  CH3I,  /  assumes  the  values  0 
(the  ground  and  the  ^Qo  states)  and  ±  1  (the  ^Qi  state).  In  the  diabatic  representation 
[40],  /=0  correlates  with  q  =  l,  the  CH3  + 1*  ^Pi/2  fragment  channels  and  2=  ±  1  with 
q  =  2,  the  CH3  + 1  ^P3/2  channel.  We  therefore  use  /  and  q  interchangeably  in  describing 
the  products’  electronic  states. 

For  a  symmetric-top  molecule  the  three-dimensional  photodissociation  amplitude 
can  be  written  as  [40] 


<£,R,u,2  = 


{2pk^  (  J  1  7,\ 

h  j\-Mi  0  mJ 
{2J  -F  M,. (</..,  0,,  -  0,)t(£,  J,  X,  vjE,  J,). 


(41) 


Here  p  is  the  reduced-mass  of  the  CH3-I  pair,  is  the  magnitude  of  the  CH3(v)  to  1(2) 
relative  wave-vector,  and  t{E,J,X,v\Ei,Ji)  are  the  (M.-independent)  reduced  ampli¬ 
tudes,  containing  the  essential  dynamics  of  the  photodissociation  process  [40]. 

With  the  use  of  equation  (41),  the  integral  attributes  which  enter  the  general 
coherent  control  expression  (equation  (18))  are 


d<'\E„J:,Mi;Ej,Jj,Mj;E)='Z 


dk  <£,j,  M..|dJ£,  k,  d,2-  ><£,  ft,  i;,  2-|dJ£,-,/;,  Mj) 


1  J.- 


0  0  Mj 


1  Jj 


X  t{E,  J,  2,  v\Ei,  Ji)t*iE,  J,  2,  v\Ej,  Jj). 


(42) 


The  5^.^.  factor  arises  from  the  angular  integration  and  the  orthogonality  of  the 
Wigner  D  functions  [54].  We  see  immediately  that,  even  for  the  interference  term. 
Ml  =  Mj  is  required  for  non-zero  d^'*^  Since  coherent  control  vanishes  if  the  interference 
term  vanishes,  we  conclude  that,  for  the  superposition-state  scenario,  control  with 
linearly  polarized  light  is  possible  only  when  the  states  which  make  up  the 
superposition  state  have  equal  magnetic  quantum  numbers. 

This  requirement  is  actually  because  the  two  excitation  pathways  must  be  able  to 
access  continuum  states  with  the  same  M  quantum  number.  In  the  case  of  linear 
polarization  the  photoexcitation  process  cannot  change  M;  hence  we  have  the 
requirement  that  M,  =  M^-  in  the  initial  superposition  estate.  For  circular  polarization, 
M  changes  by  +1  and  the  appropriate  selection  rule  is  that  M,-  =  My+l.  These  two 
opposed  selection  rules  immediately  preclude  the  use  of  a  single  bound  state  with  two 
different  polarizations  (linear  -t-  circular  or  two  circular  polarizations  of  opposite  sense) 
for  integral  control.  However,  there  are  no  limitations  on  differential  control  [5]  since 
two  states  of  different  quantum  numbers  M  can  interfere  under  these  circumstances. 

We  now  proceed  to  explore  two  cases  of  interest;  the  first,  where  the  initial  state  is  M 
selected,  and  the  second  where  no  such  selection  is  assumed.  These  cases  are  treated 
below. 
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3.1.  M-polarized  initial  states 

We  consider  exciting  a  superposition  of  two  bound  states;  and 

\E2,J2,^2  =  ^iy  with  linearly  polarized  light.  The  choice  M2  =  M i  is  consistent  with 
the  above  discussion  for  linearly  polarized  light.  The  excitation  by  radiation  with  two 
colours  raises  the  system  to  energy  E  as  described  above  in  §  1.3.  Equation  (18),  in 
conjunction  with  equation  (42),  is  not  directly  applicable. 

The  symmetry  properties  of  the  3-j  symbols  [54]  imply  that 

d^^\EiJi,M,;Ej,Jj,Mj;E)  =  i-lf‘*-^^^d^'KEi,Ji, -M,;Ej,Jj, -Mf,E).  (43) 

Therefore  the  relative  product  yields  i?(l,2;£)  are  identical  for  the  case  of  IMJ  and 
-|Mi|  if  Ji  +  J2  is  even.  In  the  case  of  odd  2,  the  interference  term  changes  sign 
when  going  from  IMJ  to  —  |Mi|.  The  control  maps  (i.e.  yield  against  S  and  01  —  ^2) 
the  M-polarized  case  are  identical  for  the  |Mi|  and  —  |Mi  lease,  except  for  a  shift  in  the 
relative  phase  —  @2  of  For  the  unpolarized  case,  this  result  is  shown  below  to  lead  to 
cancellation  of  the  interference  term  for  states  of  different  parities. 

Figures  11  (a)  and  12  (u)  display  the  yield  of  I*  ^Pi/2  for  two  different  M-selected 
initial  bound-state  superpositions.  Results  are  shown  at  0)1  =  39  638  cm  S  which  is 
near  the  absorption  maximum.  For  our  present  discussion,  the  main  feature  worth 
noting  is  that  the  equal-parity  case  in  figure  12(a),  where  J^  =  J2  =  X  is  strikingly 
different  from  the  unequal-parity  case  in  figure  11(a),  where  Ji  =  l  and  J2  =  2.  The 
equal-parity  maps  show  a  wider  range  of  control  compared  with  the  unequal-parity 
results. 

In  addition  to  the  above,  the  actual  value  assumed  by  M  of  the  initial  beam  is  of 
importance.  This  is  most  noticeable  in  the  unequal-parity  case,  where  the  M  =  1  case  in 
figure  11  (a)  is  drastically  different  from  the  M  =  0  case  in  figure  13  which  shows  no 
phase  control.  This  loss  of  control  follows  from  the  properties  of  the  3-j  symbols  of 
equation  (42)  which  are  zero  whenever  M2  =  0  and  J1+J2  is  odd  [54]. 


3.2.  M-averaged  initial  states 

In  this  case  the  initial  state  is  defined  by  the  density  matrix 

+  1  Ml 

Each  of  the  superposition  states  which  make  up  our  initial  density  matrix  may  be 
treated  independently  in  the  subsequent  two-colour  irradiation  which  lifts  the  system 
to  £.  The  resultant  probability  P{q,  E)  of  observing  product  channel  q  at  energy  £  is 
obtained  as  an  average  over  the  27^  +  1  superpositions: 


+  i  1=1,2  j=l,2  Ml 


(45) 


where  Fi  j=CiC*Sisf.  From  equation  (42)  it  follows  that  the  Mj  dependence  of 
d''*’(£j,Ji,  Mi;£;,Jj,Mi;£)  is  entirely  contained  in  the  3-j  product 


J  1  Ji 

-Ml  0  Ml 


J 


1  Ji 


-Ml  0  Ml 


Hence,  the  Mi  summation  can  be  performed  separately.  Defining 

J  (-Ml  0  Ml) (-Ml  0  Mi)^'-'’ 


(46) 


(47) 
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Figure  11.  Contour  plot  of  the  yield  of  I*(^Pi/2)  (f®.  percentage  of  I*  as  product)  in  the 
photodissociation  of  CH3I  from  a  polarized  superposition  state  composed  of  =0,  =  1 

and  V2  =  0,  J2  =  2,  where  M  j  =  M2  =  1,  at  (a)  =  39  638  cm  “  ^  and  (b)  =  42  367  cm  “  ^ 

v—0  denotes  the  ground  vibrational  state  of  CH3I,  The  abscissa  is  labelled  by  S  =  x^/(1 
+  x^),  where  x  is  the  ratio  of  laser  field  intensities  and  the  ordinate  by  the  relative  phase 
parameter  6  =  6 62  (after  [3]). 


Figure  13.  As  in  figure  1 1  but  =0,  =  1,  ^2  =  0,  J2  =  2,  Mj  =  M2 =0  (no  phase  control  is  seen 

since  Ji +J2  is  odd  and  Mi=0):  (a)  (U£  =39638cm“^;  (b)  co£j  =  42  367cm"^  (after  [3]). 
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we  have  that 


where 


P{q,E)= 


£=1,2  j=1.2 


(48) 


J,.;  Ej,  Jj;  £)  =  Z  C,JJ)t(E,  J,  v\E,,  J,)r*(£,  J,  X,  v\E^  Jj). 


(49) 


J,v 

It  follows  immediately  from  the  symmetry  properties  of  the  3-j  symbols  [54]  and 
equations  (47)  that  t^£i,  Ji;  £2,  Jjl^)  is  zero  if  Ji  +  is  odd,  that  is  yield  control  in 


S 


Figure  14.  I*(^Pi/2)  yield  in  the  photodissociation  of  CHjI  starting  from  an  M-averaged 
(unpolarized)  ensemble  of  superposition  states,  where  the  J  and  v  are  as  in  figure  12: 
(a)  ©£,  =  39 639 cm”*;  and  (f»)  ©£,=42 367 cm”'  (after  [3]). 
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M-averaged  situations  requires  Ji  and  J 2  of  equal  parity.  Another  way  of  reaching  the 
same  conclusion  is  to  note,  as  discussed  above,  that  for  odd  when  we  perform 

the  Ml  summation,  the  positive  Mj  terms  cancel  out  the  negative  Mj  terms  and  the 
Ml  =  0  term  is  identically  zero.  We  conclude  that,  for  unpolarized  initial  states,  only 
two  states  of  equal  parity  can  be  made  to  interfere  such  that  coritrol  of  integral 
quantities  arises. 

The  expression  for  the  yield  i?(l,2;£:)  now  follows  directly  as  the  ratio  of 
P(l,£)/P(2,£)  in  equation  (48).  Figure  14  shows  the  result  for  coherent  radiative 
control  of  an  initial  M-averaged  pair  of  states  of  equal  parity  at  two  different  values  of 
cui.  The  range  of  control  demonstrated  is  very  wide;  at  the  peak  of  the  absorption  (figure 
14(a),  the  I*(^Pi/2)  quantum  yield  changes  from  30%,  for  S  =  0-9  and  0i-02  =  O°,  to 
75%  for  S  =  0-2  and  0i  -^2  =  140®.  A  comparison  with  the  even  +J2  polarized  case 
(figure  12)  shows  that  the  range  of  control  degrades  only  slightly  with  M  averaging. 
This  is  to  be  contrasted  (figure  1 1  compared  with  1 3)  with  the  odd  J1+J2  case. 


4.  ‘2-1-2’  control  of  a  thermal  ensemble 

In  practice  there  are  a  number  of  sources  of  incoherence  which  tend  to  diminish 
control.  Prominent  amongst  these  are  effects  due  to  an  initial  thermal  distribution  of 
states  and  effects  due  to  partial  coherence  of  the  laser  source.  Below  we  describe  one 
approach,  based  upon  a  resonant  ‘2-1-2’  scenario,  which  deals  effectively  with  both 
problems.  An  alternative  method  in  which  coherence  is  retained  in  the  presence  of 
collisions  has  been  discussed  elsewhere  [7]. 

The  specific  scheme  that  we  advocate  is  depicted,  for  the  particular  case  of  Na2 
photodissociation,  in  figure  15.  Here  the  molecule  is  lifted  from  an  initial  bound  state 
\Ei,  Ji,  Ml}  to  energy  E  via  two  independent  two-photon  routes.  To  introduce  notation, 
first  consider  a  single  such  two-photon  route.  Absorption  of  the  first  photon  of 
frequency  coj  lifts  the  system  to  a  region  close  to  an  intermediate  bound  state 
|£„J„M„>,  and  a  second  photon  of  frequency  0)2  carries  the  system  to  the  dissociating 
states  \E,k,q~},  where  the  scattering  angles  are  specified  by  R  =  (0fc,^fc).  Here  the  J 
values  are  the  angular  momentum,  the  M  values  are  their  projection  along  the  z  axis, 
and  the  values  of  energy  £;  and  £„  include  specification  of  the  vibrational  quantum 
numbers.  Specifically,  if  we  denote  the  phases  of  the  coherent  states  by  <^i  and  <p2,  the 
wave- vectors  by  and  k2  with  overall  phases  0;  =  k;  •  R  -f  (pi  (i  =  1, 2)  and  the  electric 
field  amplitudes  by  Sj  and  S2,  then  the  probability  amplitude  for  resonant  two-photon 
{coi+ci)2)  photodissociation  is  given  [18,45]  by 


Ti^.iiE,EiJiMi,  0)2,  coi) 

,  y  <EXq-\d2e2\EJ„MXEJ„M,\d,s,\E,J,M:} 

E„.J„  <^l—iEm  +  S„  —  Ei)  +  ir„ 


J 


1  J. 


y  y 


1  J.- 


Mi  0  Mij 

X  (2J -H  4>k, mE, EiJi, 0)2, cOi,q\JpX, EJ„) exp  [i(0i  -h 02)]- 


(50) 


Here  is  the  component  of  the  dipole  moment  along  the  electric  field  vector  of  the  ith 
laser  mode,  E  =  Ei+{a>i+a)2),  and  r„  are  the  radiative  shift  and  width  respectively 
of  the  intermediate  state,  p  is  the  reduced  mass,  and  k,  is  the  relative  momentum  of  the 
dissociated  product  in  the  q  channel.  The  is  the  parity-adopted  rotation  matrix 
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3s-i-3d 

35  +  45 


3s+3p 


3s+3s 


4  6  8  10  12  14  16  18 

R  (Bohr) 

Figure  15.  Two  resonant  two-photon  paths  in  the  photodissociation  of  Naj  (from  [18]). 

[55]  with  X  the  magnitude  of  the  projection  on  the  internuclear  axis  of  the  electronic 
angular  momentum  and  ( —  iYp  the  parity  of  the  rotation  matrix.  W e  have  set  ^  =  1,  and 
assumed  for  simplicity  lasers  which  are  linearly  polarized,  with  parallel  electric  field 
vectors.  Note  that  the  T-matrix  element  in  equation  (50)  is  a  complex  quantity,  whose 
phase  is  the  sum  of  the  laser  phase  61  +  62  and  the  molecular  phase,  that  is  the  phase  oft. 

The  probability  of  producing  the  fragments  in  the  q  channel  is  obtained  by 
integrating  the  square  of  equation  (50)  over  the  scattering  angles  R,  with  the  result 

?<’>(£,  EiJiMi,  (02,(0,)  =  jdR  I  E^JiMi,  (02,(0, )Y 

_STtflkg  y  ^  /  J  1  1  Ji\ 

EhX-M,  0  MjX-Mi  0  mJ 

X  t(E,  EiJi,  (02,  (o„  q\JpX,  EJJf  (51) 

Because  the  t-matrix  element  contains  a  factor  of  [coi— (£„-t-<5„  — £,)-l-ir„]  ^  the 
probability  is  greatly  enhanced  by  the  approximate  inverse  square  of  the  detuning 
A=(o,-{E„  +  3„-Ei)  as  long  as  the  line  width  £„  <  d .  Hence  only  the  levels  closest  to 
the  resonance  d  =  0  contribute  significantly  to  the  dissociation  probability.  This  allows 
us  to  photodissociate  molecules  selectively  from  a  thermal  bath,  reestablishing 
coherence  necessary  for  quantum  interference  based  control  and  overcoming  dephas¬ 
ing  effects  due  to  collisions. 
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Consider  then  the  following  coherent  control  scenario.  A  molecule  is  irradiated 
with  three  interrelated  frequencies  (Oq,  cu+  and  cu_  where  photodissociation  occurs  at 
E  =  Ei  +  2o}Q  =  Ei-\-{o)+  +co_)  and  where  coq  and  cu+  are  chosen  to  be  resonant  with 
intermediate  bound-state  levels.  The  probability  of  photodissociation  at  energy  E  into 
arrangement  channel  q  is  then  given  by  the  square  of  the  sum  of  the  T-matrix  elements 
from  pathway  a  (cuo-fcuo)  and  pathway  b  (co^+co^).  That  is,  the  probability  into 
channel  q 


P  (E,  EiJiMii  (X)o,(o+,o)^)=  dfi  I Tk,, ;(£,  £; J jM.-,  cOq,  (Oq)  +  Tfe,, .(E,  EiJiMi,  co +,  cu _)| 


=  P^^\a)  +  P^'^\b)  +  P^’^\ab).  (52) 

Here  P^‘^\a)  and  P^‘’\b)  are  the  independent  photodissociation  probabilities  associated 
with  routes  a  and  b,  respectively,  and  P^^\ab)  is  the  interference  term  between  them, 
discussed  below.  Note  that  the  two  T-matrix  elements  in  equation  (52)  are  associated 
with  different  lasers  and  as  such  contain  different  laser  phases.  Specifically,  the  overall 
phase  of  the  three  laser  fields  are  do  =  kQ‘R  +  (po,d+  =  k+'R  +  <f>+  and  6_  =  k_"R 
+  where  (pQ,  and  cp-  are  the  photon  phases,  and  Kq,  k+  and  k_  are  the  wave- 
vectors  of  the  laser  modes  cug,  <u+  and  cu  _,  whose  electric  field  strengths  are  Sq,  s+  and 
£_  and  intensities  /q,  I+  and  /_. 

The  optical  path-path  interference  term  P*'*’(ah)  is  given  by 

P<^\ab)  =  2[f  “'>(ai»)l  cos  (a«  -  a|),  (53) 


with  the  relative  phase 

odi-4  =  iSt-dt)H2eo-d^-d.),  (54) 

where  the  amplitude  |f  ^^*(ah)l  and  the  molecular  phase  difference  — <5^  are  defined  by 
|E<nah)|exp[i(^?-<5?)] 

/  J  1  J„Y  1  J.V  J  1  J'm\ 

~  j,p%0Eh,.Eij'A-Mi  0  M.-A-M,  0  0  Mj 

xf  \  '!']tiE,E,J,,coo,oyo,q\Jp2,EJJt*iE,E,J,,o)^,oi^,q\JpX,E'M 
\-Mi  0  Mj  (55) 

Consider  now  the  quantity  E,,-  of  interest,  which  is  the  branching  ratio  of  the  product 
in  the  q  channel  to  that  in  the  q'  channel.  Noting  that  in  the  weak -field  case  P'-^\a)  is 
proportional  to  £or  to  £^£1,  and  P^^\ab)  to  Soe+s.,  we  can  write 

„  Pal  +  x^Pbb  +  2x\p[^^\  cos  {al  -  gg)  +  jB*^V£o 

Paa  +  ^^P^bb  +  ’I  cos  (a«'  -  af )  -I-  ’ 

where  p^^]  =  P^‘^\a)l£'^,p)^^  =  P^^\b)lelsl  and  \p^^^\  =  \F^‘^\ab)\jsls+S-  and  x  =  £+£_/£^ 
=(/+/_)^^^//o.  The  terms  with  and  described  below  correspond  to  resonant 
photodissociation  routes  to  energies  other  than  E=Ei  +  IHcoq  and  hence  [4]  to  terms 
which  do  not  coherently  interfere  with  the  pathways  a  and  b.  Minimization  of  these 
terms,  due  to  absorption  ofo)Q  +  co^,(Oo  +  co+,(o++o)QOTCo++co^.,  has  been  discussed 
elsewhere  [18,45].  Here  we  just  emphasize  that  the  product  ratio  in  equation  (56) 
depends  upon  both  the  laser  intensities  and  the  relative  laser  phase.  Hence  manipulat¬ 
ing  these  laboratory  parameters  allows  for  control  over  the  relative  cross-section 
between  channels. 
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The  proposed  scenario,  embodied  in  equation  (56),  also  provides  a  means  by  which 
control  can  be  improved  by  eliminating  effects  due  to  laser  jitter.  Specifically,  the  term 
2<j)o  —  4>+—<f>-  contained  in  the  relative  phase  a^— ag  can  be  subject  to  the  phase 
fluctuations  arising  from  laser  instabilities.  If  such  fluctuations  are  sufficiently  large, 
then  the  interference  term  in  equation  (56),  and  hence  control,  disappears  [19].  The 
following  experimentally  desirable  implementation  of  the  above  two-photon-plus-two- 
photon  scenario  readily  compensates  for  this  problem.  Specifically,  consider  generat¬ 
ing  cu  +=  Wo  +  <5  and  oj  1  =  (Oq  —  (5  in  a  parametric  process  by  passing  a  beam  of  frequency 
2cOq  through  a  nonlinear  crystal.  This  latter  beam  is  assumed  to  be  generated  by 
second-harmonic  generation  from  the  laser  coq  with  the  phase  (f)Q.  Then  the  quantity 
24)0  — <P +  —  <!>-  fhe  phase  difference  between  the  a)o-f-<Uo  co+  -t-<u_  routes  is  a 
constant.  That  is,  in  this  particular  scenario,  fluctuations  in  4>o  cancel  and  have  no  effect 
on  the  relative  phase  a’  — ag.  Thus  the  two-photon-plus-two-photon  scenario  is 
insensitive  to  the  laser  jitter  of  the  incident  laser  fields. 

To  examine  the  range  of  control  afforded  by  this  scheme  consider  the  photo¬ 
dissociation  of  Naj  in  the  regimen  below  the  Na  (3d)  threshold  where  dissociation  is  to 
two  product  channels  Na  (3s)  +  Na  (3p)  and  Na  (3s)  +  Na  (4s).  Two-photon  dissociation 
of  Na2  from  a  bound  state  of  the  state  occurs  [18,45]  in  this  region  by  initial 
excitation  to  an  excited  intermediate  bound  state  The  latter  is  a 

superposition  of  states  of  the  and  b^n„  electronic  curves,  a  consequence  of  spin- 

orbit  coupling.  That  is,  the  two-photon  photodissociation  can  be  viewed  [45]  as 
occurring  via  intersystem  crossing  subsequent  to  absorption  of  the  first  photon.  The 
continuum  states  reached  in  the  excitation  can  be  either  of  singlet  or  triplet  character 
but,  despite  the  multitude  of  electronic  states  involved  in  the  computation,  the 
predominant  contributions  to  the  products  Na  (3p)  and  Na  (4s)  are  found  to  come  from 
the  ^Elg  and  ^1,*  states,  respectively.  Methods  for  computing  the  required  photodissoc- 
ation  amplitude,  which  involves  eleven  electronic  states  have  been  discussed  elsewhere 
[45].  Since  the  resonant  character  of  the  two-photon  excitation  allows  us  to  select  a 
single  initial  state  from  a  thermal  ensemble,  we  consider  here  the  specific  case  of  y,  =  J,- 
=  0  without  loss  of  generality,  where  Vi  and  J;  denote  the  vibrational  and  the  rotational 
quantum  numbers  respectively  of  the  initial  state. 

The  ratio  J?,,.  depends  on  a  number  of  laboratory  control  parameters  including  the 
relative  laser  intensities  x,  the  relative  laser  phase  and  the  ratio  of  e+  to  e_  via  r].  In 
addition,  the  relative  cross-sections  can  be  altered  by  modifying  the  detuning.  Typical 
control  results  are  shown  in  figure  16  which  provides  contour  plots  of  the  Na  (3p)  yield 
(i.e.  the  ratio  of  the  probability  of  observing  Na(3p)  to  the  sum  of  the  probabilities  to 
form  Na  (3p)  plus  Na  (4s)).  The  figure  axes  are  the  ratio  x  of  the  laser  amplitudes  and  the 
relative  laser  phase  dd  =  2do  —  9+  —  d-.  Here  a)o  =  63 1-899 nm,  =562-833 nm  and 
(u_  =  720-284  nm  and  control  is  seen  to  be  large,  ranging  from  30  to  90%  Na  (3p)  as  <50 
and  X  are  varied. 

Note  that  the  proposed  approach  is  not  limited  to  the  specific  frequency  scheme 
discussed  above.  Essentially  all  that  is  required  is  that  the  two  resonant  photodissoci¬ 
ation  routes  lead  to  interference  and  that  the  cumulative  laser  phases  of  the  two  routes 
be  independent  of  laser  jitter.  As  one  sample  extension,  consider  the  case  where  paths  a 
and  b  are  composed  of  totally  different  photons,  (u+’  and  and  and  with 

-f-  (u(f* = -1-  (o^l\  Both  these  sets  of  frequencies  can  be  generated,  for  example,  by 
passing  2(Oo  light  through  nonlinear  crystals,  hence  yielding  two  pathways  whose 
relative  phase  is  independent  of  laser  jitter  in  the  initial  2a)o  source.  Given  these  four 
frequencies,  we  now  have  an  additional  degree  of  freedom  in  order  to  optimize  control. 
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Figure  16.  Contours  of  equal  Na(3p)  yield.  The  ordinate  is  the  relative  laser  phase  and  the 
abscissa  is  S=x^(l+x^)  where  x  is  the  field  intensity  ratio.  Here  («o  =  627-584  nm, 
G)  +  =  6 1 1  -207  nm,  cu  _  =  644-863  nm  and  t]  =  0-5.  See  [1 8]  for  a  discussion  of  t]  which  can  be 
used  to  minimize  background  contributions  (from  [45]). 


although  the  experiment  is  considerably  more  complicated  than  in  the  three-frequency 
case.  Typical  results  for  Na2  have  been  provided  elsewhere  [18,45].  Note  also  that  the 
control  is  not  limited  to  two-product  channels,  such  as  those  discussed  above.  Recent 
computations  [45]  on  higher-energy  Na2  photodissociation,  where  more  product 
arrangement  channels  are  available,  show  equally  large  ranges  of  control  for  the  three- 
channel  case. 


5.  Control  of  symmetry  breaking 

Weak-field  phase  interference  has  one  remarkable  property;  it  can  lead  to 
controlled  symmetry  breaking  [15].  Below  we  show  that  the  pump-dump  scheme 
described  above  §2.2)  can  lead  to  symmetry  breaking  in  systems  with  three- 
dimensional  spherical  symmetry  and  to  the  generation  of  chirality,  provided  that 
magnetic  quantum  state  selection  is  performed.  Other  mechanisms  for  collinear 
symmetry  breaking  in  strong  fields  have  recently  been  proposed  [56, 57].  There,  it  was 
shown  that  one  can  generate  even  high  harmonics  by  exciting  a  symmetric  double 
quantum  well.  However,  in  contrast  with  the  symmetry-breaking  scenario  described 
below,  the  generation  of  even  harmonics  is  not  expected  to  exist  in  systems  with  three- 
dimensional  spherical  symmetry. 

In  general,  symmetry  breaking  occurs  whenever  a  system  executes  a  transition  to  a 
asymmetric  eigenstate  of  the  Hamiltonian.  Strictly  speaking,  asymmetric  eigenstates 
(i.e.  states  which  do  not  belong  to  any  of  the  symmetry  group  representations)  can  occur 
if  several  degenerate  eigenstates  exist,  each  belonging  to  a  different  irreducible 
representation.  Any  linear  combination  of  such  eigenstates  is  asymmetric. 
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In  practice,  symmetry  breaking  also  occurs  even  if  the  degeneracy  is  only 
approximate,  as  in  the  problem  of  a  symmetric  double-well  potential.  If  the  barrier 
between  the  two  wells  is  such  that  tunnelling  is  very  small,  then  the  ground  state  of  the 
system  is  composed,  to  all  intents  and  purposes,  of  a  doublet  of  (symmetric  and 
antisymmetric)  degenerate  states.  States  localized  at  either  well  can  then  result  by 
taking  the  +  linear  combinations  of  this  doublet.  Because  of  the  near  degeneracy,  these 
asymmetric  localized  states  are  essentially  eigenstates  of  the  Hamiltonian  insofar  as 
their  time  evolution  can  be  immeasurably  slow. 

Asymmetric  eigenstates  of  a  symmetric  Hamiltonian  also  occur  in  the  continuous 
spectrum  of  a  BAB-type  molecule.  It  is  clear  that  the  \E,n,R~}  state,  which  correlates 
asymptotically  with  the  dissociation  of  the  right  B  group,  must  be  degenerate  with  the 
|£,  n,  LT  >  state,  giving  rise  to  the  departure  of  the  left  B  group.  It  is  also  possible  to  form 
symmetric  |£,n,s“>  and  antisymmetric  \E,n,a~y  eigenstates  of  the  same  Hamiltonian 
by  taking  the  +  combination  of  these  states.  There  is  an  important  physical  distinction 
between  the  asymmetric  states  and  states  which  are  symmetric-antisymmetric:  Any 

experiment  performed  in  the  asymptotic  B - AB  or  BA - B  regions  must,  by 

necessity,  measure  the  probability  of  populating  an  asymmetric  state.  This  follows 

because,  when  the  B - AB  distance  or  the  BA - B  distance  is  large,  a  given  group  B 

is  either  far  away  from  or  close  to  group  A.  Thus  symmetric  and  antisymmetric  states 
are  not  directly  observable  in  the  asymptotic  regime. 

We  conclude  that  the  very  act  of  observation  of  the  dissociated  molecule  entails  the 
collapse  of  the  system  to  one  of  the  asymmetric  states.  As  long  as  the  probability  of 
collapse  to  the  \E,n,R~}  state  is  equal  to  the  probability  of  collapse  to  the  |£,n,L"> 
state,  the  collapse  to  an  asymmetric  state  does  not  lead  to  a  preference  of  R  over  L  in  an 
ensemble  of  molecules.  This  is  the  case  when  the  above  collapse  (‘symmetry  breaking’)  is 
spontaneous,  that  is  occurring  owing  to  some  (random)  factors  not  in  our  control.  CC 
techniques  allow  us  to  influence  these  probabilities.  In  this  case,  symmetry  breaking  is 
stimulated  rather  than  spontaneous.  This  has  a  far-reaching  physical  and  practical 
significance. 

One  of  the  most  important  cases  of  symmetry  breaking  arises  when  the  two  B 
groups  (now  denoted  as  B  and  B')  are  not  identical,  but  are  enantiomers  of  one  another. 
(Two  groups  of  atoms  are  said  to  be  enantiomers  of  one  another  if  one  is  the  mirror 
image  of  the  other.  If  these  groups  are  also  ‘chiral’,  i.e.  they  lack  a  centre  of  inversion 
symmetry,  then  the  two  enantiomers  are  distinguishable  and  can  be  detected  through 
the  distinctive  direction  of  rotation  of  linearly  polarized  light.) 

The  existence  and  role  of  enantiomers  is  recognized  as  one  of  the  fundamental 
broken  symmetries  in  nature  [58].  It  has  motivated  a  long-standing  interest  in 
asymmetric  synthesis,  that  is  a  process  which  preferentially  produces  a  specific  chiral 
species.  Contrary  to  the  prevailing  belief  (for  a  discussion  see  [59];  for  historical 
examples  see  [60])  that  asymmetric  synthesis  must  necessarily  involve  either  chiral 
reactants,  or  chiral  external  system  conditions  such  as  chiral  crystalline  surfaces,  we 
show  below  that  preferential  production  of  a  chiral  photofragment  can  occur  even 
though  the  parent  molecule  is  not  chiral.  In  particular  two  results  are  demonstrated. 

(1)  Ordinary  photodissociation,  using  linearly  polarized  light,  of  a  BAB'  ‘pro- 
chiral’  molecule  may  yield  different  cross-sections  for  the  production  of  right- 
handed  (B)  and  left-handed  (B')  products,  when  the  direction  of  the  angular 
momentum  mj  of  the  products  is  selected. 

(2)  This  natural  symmetry  breaking  may  be  enhanced  and  controlled  using 
coherent  lasers. 
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To  treat  this  problem  we  return  to  the  formulation  of  the  pump-dump  scenario 
described  above,  with  attention  focused  on  control  of  the  relative  yield  of  two  product 
arrangement  channels,  but  with  angular  momentum  projection  ttij  fixed.  That  is 

Y  =  P(q,  mj)  I  £  Piq,  mj),  (57) 


Explicitly  considering  the  dissociation  of  BAB'  into  right-handed  products  R  and 
left-handed  products  L  we  have 


P(L,m,) 

lPiL,mj)  +  P{R,mj)r 


(58) 


As  above,  the  product  ratio  T  is  a  function  of  the  delay  time  t = - 1*  and  the  ratio 
x  =  |ci/c2l,  the  latter  by  detuning  the  initial  excitation  pulse.  Active  control  over  the 
products  B  +  AB'  against  B'-t-AB,  that  is  a  variation  in  Y  with  i  and  x,  and  hence 
control  over  left-handed  against  right-handed  products,  will  result  only  if  P{R,  mj)  and 
F(L,  mj)  have  different  functional  dependences  on  x  and  t. 

We  now  show  that  P{R,  mj)  may  be  different  from  P(L,  m^)  for  the  B'AB  case.  We  first 
note  that  this  molecule  belongs  to  the  Cj  point  group  which  is  a  group  possessing  only 
one  symmetry  plane.  This  plane,  denoted  as  a,  is  defined  as  the  collection  of  the  C2V 

points,  that  is  points  satisfying  the  B - A  =  A - B'  condition,  where  B  A 

designates  the  distance  between  the  B  and  A  groups.  We  choose  the  intermediate  state 
jp.  ^  to  be  synw.stvic  and  the  state  |£2^  antisymni€tvic  with  respect  to  reflection  in 
the  a  plane.  Furthermore,  we  shall  focus  upon  transitions  between  electronic  states  of 
the  same  representations,  for  example  A'  to  A’  or  A”  to  A"  (where  A'  denotes  the 
symmetric  representation  and  A"  the  antisymmetric  representation  the  Cj  group).  We 
further  assume  that  the  ground  vibronic  state  belongs  to  the  A'  representation. 

The  first  thing  to  demonstrate  is  that  it  is  possible  to  excite  simultaneously,  by 
optical  means,  both  the  symmetric  |£i>  and  antisymmetric  |£2)  states.  Using  equation 
(35)  we  see  that  this  requires  the  existence  of  both  a  symmetric  d  component,  denoted  as 
dj,  and  an  antisymmetric  d  component,  denoted  da,  because,  by  symmetry  properties  of 
|£i>  and  |£2>, 


<£ild|£,>  =  <£  Jd,l£,>’  <£2|d|£,>  =  {EjldJE,}-  (59) 

The  existence  of  both  dipole  moment  components  occurs  in  A'-+A'  electronic 

transitions  whenever  a  bent  B' - A - B  molecule  deviates  considerably  from  the 

equidistant  C2V  geometries  (where  d^  =  0).  The  effect  is  non-Franck-Condon  in  nature, 
because  we  no  longer  assume  that  the  dipole  moment  does  not  vary  with  the  nuclear 
configurations.  (In  the  theory  of  vibronic  transitions  terminology  this  existence  of  both 
dj  and  da,  is  due  to  a  Herzberg-Teller  intensity  borrowing  [61]  mechanism.) 

We  conclude  that  the  excitation  pulse  can  create  a  |£i>,  |£2>  superposition 
consisting  of  two  states  of  different  reflection  symmetry,  which  is  therefore  asymmetric. 
We  now  wish  to  show  that  this  asymmetry  established  by  exciting  non-degenerate 
bound  states  translates  to  an  asymmetry  in  the  probability  of  populating  the  two 
degenerate  |£,  «,£“>,  |£,«,L“>  continuum  states.  We  proceed  by  examining  the 
properties  of  the  bound-free  transition  matrix  elements  of  equation  (39)  entering  the 
probability  expression  of  equation  (38). 
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Although  the  continuum  states  \E,n,q~y  of  interest  are  asymmetric,  they  satisfy  a 
closure  relation,  since  (7\E,n,R~}  =  \E,n,L~}  and  vice  versa.  Working  with  the 
symmetric  and  antisymmetric  continuum  eigenfunctions 


i\E,n,s  }  +  \E,n,a  » 

|£,n,R  >=  ^1/2  . 

(60) 

,,,  (|£,n,s">-|£,n,a~» 

|£,n,L  >= 

(61) 

using  the  fact  that  |£i>  is  symmetric  and  lEj)  antisymmetric,  and  adopting  the 
notation  A^2  =  iE,n,s~\dJE2},  S^i  =  (E,n,a~\d^\Ei},  etc.,  we  have 


d'/l  =  -b  1^31  P  ±  2  Re 

(62) 

Afl  =  +  iSaZp  ±2  Re  (425a*2)]> 

(63) 

d<«l  =  i:’{S,,Af2  +  A,,St2  ±  S,,St2  ±  A,,Ar2), 

(64) 

where  the  plus  sign  applies  for  ^  =  R  and  the  minus  sign  for  q  =  L.  Here  the  sum  is  over 
all  quantum  numbers  other  than  mj. 

Equation  (64)  displays  two  noteworthy  features. 

(1)  \  1,2.  That  is,  the  system  displays  natural  symmetry  breaking  in 

photodissociation  from  state  |£i>  or  state  |£2>,  with  right-  and  left-handed 
product  probabilities  differing  by  4E'  Re  (SfiAjj)  for  excitation  from  |£i>  and 
4S' Re  (/4s2S*2)  for  excitation  from  |£2>.  Note  that  these  symmetry-breaking 
terms  may  be  relatively  small  since  they  rely  upon  non-Franck-Condon 
contributions. 

(2)  However,  even  in  the  Franck-Condon  approximation,  Thus  laser- 

controlled  symmetry  breaking,  which  depends  upon  d%  in  accordance  with 
equation  (38),  is  therefore  possible,  allowing  enhancement  of  the  enantiomer 
ratio  for  the  m,-  polarized  product. 

T  o  demonstrate  the  extent  of  expected  control,  as  well  as  the  effect  of  mj  summation, 
we  considered  a  model  of  the  enantiomer  selectivity,  that  is  HOH  photodissociation  in 
three  dimensions,  where  the  two  hydrogen  atoms  are  assumed  distinguishable.  The 
computation  is  done  using  the  formulation  and  computational  methodology  of  Segev 
and  Shapiro  [62].  Below  we  briefly  summarize  the  angular  momentum  algebra  and 
some  other  details  involved  in  performing  three-dimensional  quantum  calculations  of 
triatomic  photodissociation  [63]. 

We  first  specify  the  relevant  quantum  numbers  n  and  i  which  enter  the  bound-free 
matrix  elements  in  equation  (39).  For  the  continuum  states,  n  =  {R,  vj,  mj}  where  R  is  the 
scattering  direction,  v  and  j  are  the  vibrational  and  rotational  product  quantum 
numbers  and  mj  is  the  space-fixed  z  projection  of  j.  For  the  bound  states 
i  =  {£i,  M;,  J;,Pi)},  where  J,-,  M,-  and  pi  are  the  bound  state  angular  momentum,  its 
space-fixed  z  projection  and  its  parity  respectively.  The  full  (six-dimensional)  bound- 
free  matrix  element  can  be  written  as  a  product  of  analytical  functions  involving  Ic  and 
(three-dimensional)  radial  matrix  elements: 


<£,  R,  vJ, mj, q  |d|£i, M^, J,-, p,> 

X  e^,  0)DL2-mji<t>k,  Sk,  0)t‘^’(£,  J,  v,j,X\EiJ  ;Pi),  (65) 
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where  D  are  the  rotation  matrices,  p  is  the  reduced  mass,  k^j  is  the  momentum  of  the 
products  and  J,  u,;,  ;.|£i JiP.)  is  proportional  to  the  radial  partial  wave  matrix 
element  [63]  <£,  J,  M,  p,  vj,  A,  |d |£.-,  M.-,  J.-,  p,>.  Here  2  is  the  projection  of  J  along  the 
body  fixed  axis  of  the  H-OH  (CM)  product  separation. 

The  product  of  the  bound-free  matrix  elements  in  equation  (65),  which  enter 
equation  (39),  integrated  over  scattering  angles  and  average  over  the  initial  Mi(  =  M.) 
quantum  numbers  (M—M^  since  both  |£,>  and  IE„}  arise  by  excitation,  with  linearly 
polarized  light,  from  a  common  eigenstate) 


(2Ji  + 1 ) "  ^  X  I  Jk, Pk|d |£,  K,  v,j,  mj, q'  > <£,  R,  vJ, rrij, q~\d\E^,  Mi,  J,, p,> 

Mi  J 


T-irlfe./  I  [(2/+ 1X2-/'+ !)]■“(- 1)' 


1/2/  l-vU-A'  +  J  +  J'  +  Ji) 


h\2Ji+\)Vj  ^Jtj 


Z  (2/+1) 
1  =  0,2 


J  J'  I  \(  j  j  I  Vi  1  I 

X  2.'-a)\-A  X'  a-A'J\0  0  0 


^  ^  !)(\  I  []t^‘‘KEJvjAp\EiJiPi)t^‘‘'^*iEJ'vjA^^^^  (66) 

-nij  rtij  OJ\J  J  JJ 

Here  J,— J*  has  been  assumed  for  simplicity.  Equation  (66)  is  a  generalized  version 
of  equation  (48)  [63]. 

These  equations,  in  conjunction  with  the  artificial  channel  method  [63]  for 
computing  the  t-matrix  elements,  were  used  to  compute  the  ratio  Tof  the  HO  +  H  (as 
distinct  from  the  H  +  OH)  product  in  a  fixed  nij  state.  Specifically,  figure  17  shows  the 
result  of  first  exciting  the  superposition  of  symmetric  plus  asymmetric  vibrational 
modes  [(1,0,0) +(0,0, 1)]  with  7^=0  in  the  ground  electronic  state,  followed  by 
dissociation  at  70  700  cm  to  the  B  state  using  a  pulse  width  of  200  cm  Results 
show  that  varying  the  time  delay  between  pulses  allows  for  controlled  variation  of  Y 
from  61  to  39%! 


X (fsec) 

Figure  17.  Contour  plot  of  percentage  HO  +  H  (as  distinct  from  H  +  OH)  in  HOH.  The 
ordinate  is  the  detuning  from  = §{£2  -  1);  the  abscissa  is  the  time  between  pulses  (from 

[15]). 
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Finally  we  sketch  the  effect  of  a  summation  over  product  mj  states  on  symmetry 
breaking  and  chirality  control.  In  this  regard  the  three-body  model  is  particularly 
informative.  Specifically,  note  that  equation  (64)  provides  in  terms  of  products  of 
matrix  elements  involving  and  |£,«,5">.  Focus  attention  on  those  products 

which  involve  both  wavefunctions,  for  example  These  matrix  element  products 

can  be  written  in  the  form  of  equation  (66)  where  q  and  q'  now  refer  to  the  antisymmetric 
or  symmetric  continuum  states,  rather  than  channels  1  and  2.  Thus,  for  example, 
results  from  using  \E,n,a~y  in  equation  (65)  to  form  and  |£,n,s“>  to  form  Sfj.  The 
resultant  has  the  form  of  equation  (66)  with  r*’*  and  r**'*  associated  with  the 

symmetric  and  antisymmetric  continuum  wavefunctions,  respectively.  Consider  now 
the  effect  of  summing  over  mj.  Standard  formulae  [62, 63]  imply  that  this  summation 
introduces  a  d,  o  which,  in  turn  forces  /  =  /'  via  the  first  and  second  3j  symbol  in 
equation  (66).  However,  a  rather  involved  argument  [64]  shows  that 
t-matrix  elements  associated  with  symmetric  continuum  eigenfunctions  and  those 
associated  with  antisymmetric  continuum  eigenfunctions  must  have  X  of  different 
parities.  Hence  summing  over  mj  eliminates  all  contributions  to  equation  (64)  which 
involve  both  |£,  n,a~}  and  |£,  n, s “ >.  Specifically,  we  find  [64]  that  after  mj  summation 


(67) 

dl2’  =  d‘i2’=E(Ssi^^-  +  ^a.-S*-). 

(68) 

That  is,  natural  symmetry  breaking  is  lost  upon  mj  summation,  both  channels  q  =  R 
and  q  =  L  having  equal  photodissociation  probabilities,  and  control  over  the  enan¬ 
tiomer  ratio  is  lost  since  the  interference  terms  no  longer  distinguish  the  ^  £  and  q=L 
channels.  (As  an  aside  we  note  that  control  is  not  possible  in  collinear  models  since,  in 
that  case,  and  cannot  both  couple  to  the  same  electronically  excited  state.) 

Having  thus  demonstrated  the  principle  of  mj  selected  enantiomer  control  it 
remains  to  determine  the  extent  to  which  realistic  systems  can  be  controlled.  Such 
studies  are  in  progress. 

6.  Control  of  photocurrent  directionality 

In  this  section  we  demonstrate  that  it  is  possible  to  control  the  product  angular 
distribution  using  the  scheme  outlines  in  §  1.3.  Our  specific  application  is  to  the  case  of 
photoionization  so  that  the  result  is  control  over  the  direction  of  the  photocurrent 
induced  by  the  interference.  An  alternative  method  of  controlling  differential  cross- 
sections  by  varying  the  degree  of  elliptic  polarization  of  the  light  source  has  been 
described  elsewhere  [5]. 

Properties  of  a  photocurrent  generated  in  a  semiconductor  are  usually  controlled 
by  a  bias  voltage  [65].  The  role  of  this  voltage  is  to  give  thermodynamic  preference  to  the 
flow  of  photoelectrons  in  one  direction  (the  forward  or  backward  direction  in  a  p-n 
junction.)  In  a  p-  or  n-type  semiconductor  the  probability  of  carrier  photoemission 
(from  a  single  impurity)  without  an  external  voltage  is  anisotropic  only  inasmuch  as  the 
crystal  possesses  mass  or  dielectric  constant  anisotropies,  but  the  probabilities  of 
emission  backward  and  forward  along  a  given  crystal  axis  are  equal.  Although 
photocurrents  are  commonly  produced  by  laser  illumination,  the  laser  coherence  does 
not  affect  the  process. 

Here  we  describe  a  scheme  [8]  for  generating  and  controlling  photocurrents 
without  bias  voltage,  relying  instead  on  the  coherence  of  the  illuminating  source.  The 
method  is  an  application  of  the  scenario  of  §  1.3  to  the  photoionization  of  bound  states 
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of  donors.  Specifically,  a  superposition  of  two  bound  donor  (or  exciton)  states  is 
photoionized  by  two  mutually  phase-locked  lasers  at  slightly  different  frequencies  with 
the  same  polarization  axis.  The  result  is  a  current  along  the  direction  of  polarization. 
The  realization  of  the  scheme  is  discussed  for  shallow-level  donors  in  semiconductors. 

Consider  a  semiconductor  doped  with  shallow-level  donors.  The  bound-state 
wavefunction  of  such  a  donor  is  successfully  described  by  the  hydrogenic  effective-mass 
theory  [66]  with  wavefunction 

X„(r)  =  <r|n>  =  K-^/2  [  ^u^(r)exp(ikT)dk.  (69) 

J  -00 


Here  w,,(r)  is  the  conduction-band  Bloch  state  correlated  to  the  asymptotic  free-electron 
momentum  ^k,  Fis  the  normalization  volume  and  is  the  corresponding  Fourier 
component  of  the  hydrogenic  wavefunction  envelope  Xn-  For  semiconductors  with 
effective-mass  anisotropy,  the  Xn  evaluated  variationally  [67-70].  Although  the 
theory  described  below  holds  for  any  superposition  of  bound  donor  states,  a 
superposition  of  |ls>  and  |2po>  states  will  be  considered  explicitly.  For  these  cases  a 
simple  variational  procedure  [70],  whose  results  agree  reasonably  well  with  those  of 
more  refined  procedures  [67-71],  yields 


=  exp 


fx^  +  y^ 

V  a"  J’ 


(70) 

Here  the  coordinates  (normalized  to  the  effective  Bohr  radius  a*=h^lmj_e^)  coincide 
with  the  main  axes  of  the  cubic  crystal.  Depending  on  the  ratio  (the  parallel 

direction  coinciding  with  z),  the  parameters  a  and  b  vary  between  a  =  h  =  1  for  nearly 
isotropic  materials  with  7=1  (e.g.  GaAs,  GaSb  or  InAs)  and  and 
for  highly  anisotropic  materials  (e.g.  Si  or  Ge)  with  7«1. 

Let  a  superposition  of  the  |ls>  and  |2po>  states  be  prepared  by  some  coherent 
process.  As  pointed  out  before,  this  can  be  achieved  by  a  short  coherent  laser  pulse  or 
various  other  means.  It  is  possible  to  discriminate  against  the  excitation  of  the  |2pj.i) 
states  either  by  frequency  tuning  (e.g.  the  2p  ±  i-2po  splitting  is  about  5  meV  in  Si),  or  by 
linearly  polarizing  the  laser  along  the  z  axis.  Consider  now  the  simultaneous  excitation 
of  this  superposition  state  to  a  kinetic  energy  level  in  the  conduction-band 
continuum  by  two  z-polarized  infrared  or  visible  lasers  with  frequencies  cuu  and  a>2p^; 
the  former  lifts  the  |ls)  state  to  and  the  latter  lifts  the  |2po)  state  to  F^.  These 
excitations  involve  the  energy  conservation  relation 


jL2L2 

Ek=-^^+^=hco„-\E„\-Ypho}.  (71) 

Here  the  n-state  energy  is  measured  from  the  conduction-band  edge  and  the  last  term 
accounts  for  the  emission  (p  >  0)  or  absorption  (p  <  0)  of  p  phonons  of  frequency  co.  For 
simplicity,  we  shall  use  the  zero-phonon-frequency  line  [71,72];  hence,  hco^^^E^ 
-y\EJ,ho)2p^  =  E„  +  \E2pJi. 

In  what  follows  we  consider  only  electric-dipole-induced  optical  transitions 
with  the  electric  field  along  the  z-axis.  The  electric  dipole  transition 
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amplitudes  from  an  impurity  state  |n>  to  the  asymptotic  (far  from  impurity)  plane  wave 
<r|k>  =  V~  exp  (ik  •  r)w^(r)  is 

<%,|n>=  <k(-ifeAn>.  (72) 

"I||(£k+|£nl)  V 

The  last  factor  is,  using  equation  (69),  simply  given  as 


<k|  -  i/2-  |n>  =  /2k,<k|n>  =  hKB„_ (73) 

oz 

We  now  consider  the  photoionization  of  the  superposition  state 

m=c,\\y+c^\2y,  (74) 

where  1  denotes  the  Is  state  and  2  the  2po  state.  We  let  a  z-polarized  two-colour  source, 
whose  electric  field  is  given  as 

£.(t)  =  £l  COS(<Wir  +  </)i)-t-£2  COS((W2t  +  <^2)  (^5) 

act  on  this  superposition  state.  The  rate  (probability  per  unit  time  and  unit  solid  angle) 
of  photoemission  to  a  conduction  state  with  momentum  hk  resulting  from  this  action  is 

Ott 

P(cos0)=— p(/c)|  Y  |exp(-i(^„)£„c„<k|/xjn>p.  (76) 

ft  11=1,2 


COS0  =  — ,  Sind—  .  u  ^  , 

k 


and  p{k)  is  the  density  of  final  states.  The  Franck-Condon  factor  for  the  zero-phonon- 
frequency  line  has  been  set  here  to  unity. 

Denoting  c„  =  |c„|  exp  (ia„)  and  using  equations  (72)  and  (73)  in  equation  (76)  gives 
the  form 

F(cos6)  = 

1  l^is.  kP  +  ^zl^zpo,  kP  +  ^  12  cos  (aj  -  a2  -  <^i  +  <^2  +  «!  iWu,  kBipo.  kO  cos^  6, 


where 

2ne^h^k^p{k)\e„cf  ^ 

_4jte^/i^fc^p(K)|£i£2CiC2l  .701 

mliE, +  £,){£,  + E,)  •  ^ 

Here  ai2  is  defined  by  5is,k52po.k=|5is.kJB2p„.klexp(iai2)  and  E^  =  \EJ, 
£2  =  |£2poI- 
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The  evaluation  of  P{cos  d)  requires  the  Fourier  components  For  the  present 
choice  of  impurity  states  and  z-axis  these  components  are  obtained  from  equation  (70) 
as 

q2  ’ 


where  x  is  the  free-electron  collisional  relaxation  time,  N  is  the  donor  concentration  in 
reciprocal  cubic  centimetres  and  F  is  the  x-y  cross-sectional  area  of  the  sample. 

We  note  that  contributions  from  the  diagonal  /I  i  and  A  2  terms  are  odd  in  cos  9  and 
have  vanished,  whereas  the  interference  term  induces  a  directional  current  flow!  Thus 
coherent  interference  contributions  result  in  a  controlled  directional  current  flow. 

Several  additional  remarks  are  in  order.  First,  the  phases  and  (^2  of  equation  (75) 
contain  the  spatial  phase  factors  exp  (ik  •  R),  where  k  is  the  light  wave-vector.  The 
difference  in  the  spatial  phases  can  be  exactly  offset  by  the  phase  difference  a  1  —  aj  in  the 
preparation  step  (e.g.in  a  Raman  preparation  of  ji/')),  or  eliminated  by  phase  matching. 
Second,  there  are  substantial  experimental  simplifications  associated  with  applying  the 
photodissociating  lasers  at  the  same  time  as  initiating  the  preparation  of  the 
superposition  state.  Third,  two-colour  light  also  causes  excitation  (via  C02po)  of  the  |ls> 
level  to  the  state  at  £t+l£2pol-l^isl  and  of  the  |2po>  level  (via  cois)  to  the  state  at 
+  l^isl  —  l^^pol^  that  is  the  uncontrolled  satellite  contributions  discussed  above.  In  this 
case,  however,  these  terms  contribute  to  the  A 1  and  A  2  terms  in  equation  (78)  and  hence 
do  not  contribute  to  degrade  the  controlled  current  I*. 

The  magnitude  and  sign  of  the  current  are  controllable  for  a  given  host  material  and 
superposition  state  parameters  via  first,  the  optical  phase  difference  ^  1  —  ^25  second, 
the  donor  number  N  and/or  third,  the  ionizing  field  strengths  fij  and  Sj  and  their 
frequencies  a>^  and  0)2.  To  estimate  a  typical  current,  consider  the  L  resulting  from 
the  following  parameters:  £i  =  £2=0T Vcm“^,  /c=5xl0^cm”^,  |ciC2l=0‘25  and 
x=  The  latter  corresponds  to  a  mean  free  path  hkx/m  of  100-1000  A,  a 

typical  value  for  the  ballistic  electrons  at  the  cited  k  value.  Further  iV(Si)F 
=  lO'^cm"^  K  where  Fis  the  effective  interaction  volume.  For  a  sample  of  OT  x  10 
X  10  pm,  F=  10  "  “  cm^.  Utilizing  equation  (82),  and  these  parameter  values,  we  obtain 
a  current  =  10-100  mA.  Thus  sizeable  currents  may  be  readily  produced,  owing  to  the 
high  quantum  efficiency  of  the  silicon  photoionization. 
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Equations  (79)-{82)  apply,  evidently,  to  photoionization  of  other  lns>  — |n'po> 
superpositions,  where  |«— n'|  =  l,  upon  substituting  the  appropriate  Fourier  coeffi¬ 
cients  and  It  may  turn  out  to  be  more  practical  to  use  other  states  than 

those  discussed  above. 


7.  Control  with  intense  laser  fields 

We  now  discuss  some  extensions  of  coherent  control  to  strong  laser  fields.  Parallel 
work  involving  other  strong-held  scenarios  has  been  done  by  Bandrauk  and  co¬ 
workers  [46],  Bardsley  and  co-workers  [47]  Guisti-Suzor  and  co-workers  [48], 
Corkum  and  co-workers  [49]  and  Nakajima  and  Lambropoulos  [73].  Here  we 
concentrate  on  a  strong-field  control  scenario  in  which  the  dependence  on  the  relative 
phase  between  the  two  laser  beams,  and  hence  on  laser  coherence,  disappears.  As  a 
result,  coherence  plays  no  role  in  this  scenario  (except  for  being  intimately  linked  with 
the  existence  of  the  narrow-band  laser  sources  needed  for  its  execution).  Although  the 
unimportance  of  coherence  means  that  we  lose  phase  control,  the  effect  still  depends  on 
quantum  interference  phenomena.  The  scenario  is  therefore  called  interference  control. 

To  illustrate  interference  control  we  look  at  the  control  of  the  electronic  states  of  Na 
atoms  generated  by  the  photodissociation  of  Na2,  a  process  treated  in  the  context  of 
weak-field  coherent  control  in  §4.  We  envisage  a  scenario,  depicted  in  figure  18,  in 
which  we  employ  two  laser  sources.  One  laser  (not  necessarily  intense)  with  centre 
frequency  a>i  is  used  to  excite  a  molecule  from  an  initially  populated  bound  state  ]£;>  to 
a  dissociative  state  \E,m,q~'}.  A  second  laser,  with  frequency  cu2,  is  used  to  couple 


Figure  18.  Control  scenario  applied  to  the  photodissociation  of  the  state  of  Naj.  For  the 
case  considered  in  this  paper,  |£,>  corresponds  to  r  =  19  with  £„=i9=  —6512-8  cm"  *  and 
|£y>  is  t?=31  with  £1  =  31  =  — 4966-04cm~h 
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(‘dress’)  the  continuum  with  some  (initially  unpopulated)  bound  states  |£j>.  With  both 
lasers  on,  dissociation  to  \E,m,q~'}  occurs  via  one  direct,  that  is 
pathway  and  a  multitude  of  indirect,  for  example  \Ei}-^\E,m,q~y^\Ej}-^\E,m,q  >, 
pathways.  The  interference  between  these  pathways  to  form  a  given  channel  q  at 
product  energy  £  can  be  either  constructive  or  destructive.  As  we  show  below,  varying 
the  frequencies  and  intensities  of  the  two  excitation  lasers  strongly  affects  this 
interference  term,  providing  a  means  of  controlling  the  photodissociation  line  shape 
and  the  branching  ratio  into  different  products. 

With  this  scenario  in  mind  we  now  briefly  discuss  the  methodology  of  dealing  with 
strong  laser  fields  and  the  extension  of  coherent  control  ideas  to  this  domain.  We 
consider  the  photodissociation  of  a  molecule  with  Hamiltonian  in  the  presence  of  a 
radiation  field  with  Hamiltonian  Hr,  whose  eigenstates  are  the  Fock  states  \n^y  with 
energy  n^hco^.  (In  the  case  of  several  frequencies  the  repeated  index  in  n^cOk  implies  the 
sum  over  the  modes.) 

Strong-field  dynamics  are  completely  embodied  [74]  in  the  fully  interacting 
eigenstates  of  the  total  Hamiltonian  H,  that  is  -t-  Hr  -b  V,  where  V  is  the  light-matter 
interaction,  denoted  l(£,m,^~),n,7)' 

H|(£, m,q~), >  =  (£  +  nkhco^jHE, m, q ~), >.  (83) 

The  minus  superscript  on  is  used  in  exactly  the  same  way  as  in  the  weak-field  domain; 
it  is  a  reminder  that  each  |(£, nt, q  y  state  correlates  to  a  non-interacting 
|( £,  m,  g  " ),  n*)  =  |£,  WJ,  g  ■  >  I  Hk>  state  when  the  light-matter  interaction  V  is  switched  off. 

If  the  system  is  initially  in  the  |£,-,  n,>  =  |£i>|ni>  state  and  we  suddenly  switch  on  V, 
the  photodissociation  amplitude  to  form  in  the  future  the  product  state \E,m,q  yin^y  is 
simply  given  [74]  as  the  overlap  between  the  initial  and  fully  interacting  state 
<(£,m,^“),nt~l£, •,?!,•>.  This  overlap  assumes  the  convenient  form 

<(£,m,^"),nfc"|£i,ni>  =  <(£,m,g“),n4|VG(£*  £;,«,•>,  (84) 


by  using  the  Lippmann-Schwinger  equation 


<(£,m,g  ),  I  =  <(£,  m,  g  ),  -f- <(£,  m,  ^  ),nj|VG(£‘^ -bUfcfiOfc).  (85) 

Here  G(<f)=  l/(^-H)  and  £+=£-l-i^,  with  (5-^0+  at  the  end  of  the  computation. 
Equation  (84)  is  exact  and  provides  a  connection  between  the  photodissociation 
amplitude  and  the  VG  matrix  element.  It  is  the  latter  which  we  compute  exactly  using  a 
high-field  extension  of  the  artificial  channel  method  [75,76]. 

Two  quantities  are  of  interest:  the  channel  specific  line  shape  given  by 


A{E,q,nk\Ei,ni)  = 


dRK£,ft,g  ),nj£i,n,>p 


(86) 


and  the  total  dissociation  probability  to  channel  q  given  by 


Piq)  =  l 


dE  A{E,q,nk\Ei,ni). 


nk  J 


(87) 


In  equation  (87)  the  sum  is  over  photons  that  excite  the  molecule  above  the  dissociation 
threshold.  In  writing  equation  (86),  diatomic  dissociation  is  assumed,  so  that  m  =  (i. 

Consider  for  example  the  photodissociation  of  Na2  from  the  l£,-)  =  lu=19,  ^n„) 
initial  state,  where  v  denotes  the  vibrational  quantum  number  in  the  electronic 
potential  (the  potential  curves  and  the  relevant  electronic  dipole  moments  are  taken 
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from  [79])  (figure  18).  |£,>  is  assumed  to  have  been  prepared  by  previous  excitation 
from  the  ground  electronic  state.  Excitations  from  ]£;>  by  (Uj  and  mixing  of  the  initially 
unpopulated  |£^>  by  Oii  to  the  dissociating  continua  produce  Na(3s)  +  Na(3p)  and 
Na(3s)  +  Na(4s).  Computations  were  done  with  fUj  chosen  within  the  range 
15430<coi <15  700cm“^  with  intensity  /i«10^°Wcm~^  which  is  sufficiently 
energetic  to  dissociate  levels  of  the  state  with  19  to  both  Na(3s)  +  Na(3p)  and 
Na(3s)  +  Na(4s).  The  second  laser  has  fixed  frequency  cu2  =  13  964  cm"  ^  and  intensity 
/2  =  3-2x  10“Wcm"^  and  can  dissociate  levels  with  z;^26  to  both  products.  Under 
these  circumstances  the  contribution  of  above  threshold  dissociation  is  found  to  be 
negligible.  However,  cognizance  must  be  taken  of  the  possibility  of  dissociation  of  |£,> 
by  0)2  2nd  of  |£j>  by  coj.  These  processes  do  not  interfere  and  cannot  be  controlled. 
Hence  we  must  find  the  range  of  parameters  that  minimizes  them. 

Figure  19  shows  computed  line  shapes  A{E,q,n,^\Ei,ni)  (on  a  logarithmic  scale)  as 
a  function  of  the  product  translational  energy  £,  with  co2  =  13  964cm"\ 
0)1  =  15546cm"^  /j  =  5-5  x  10®  Wcm"^  and  /2  =  3-51  x  10^°  Wcm"^  Results  for 
both  the  Na  (3p)  +  Na  (3s)  and  Na  (4s)  +  Na  (3s)  product  channels  are  shown.  Figure  20 
contains  similar  results,  but  with  cOi  =  15511cm"^  In  addition,  the  line  shape  for 
excitation  with  the  laser  of  frequency  cui  =  1 5  456  cm  only  (0)2  laser  off)  is  shown  in 
figure  19  for  the  Na(3s)  +  Na(4s)  product;  the  Na(3p)  +  Na(4s)  result  is  similar. 

Consider  first  A{E,  q,  fiklE;,  n.)  associated  with  excitation  by  a  single  laser  (figure  19, 
dotted  curve).  The  line  shape  is  comprised  of  a  series  of  non-Lorentzian  peaks  and  dips 
corresponding  to  resonance  contributions  from  the  dressed  v=  19,  20,  21  vibrational 
states.  The  predominant  contribution  is  the  direct  i;,=  19  excitation,  with  smaller 
t;  =  20,21  contributions  arising  from  stimulated  emission  and  absorption  from  and  to 


Figure  19.  log  [/!(£,  q,  n,)  as  a  function  of  E  (where  the  Na  (3p)+Na  (3s)  asymptote  defines 

the  zero  energy):  ( - ),  Na  (3s)  +  Na  (3p)  product  with  both  lasers  on;  ( - )  Na  (3s) 

+  Na  (4s)  product,  with  both  lasers  on;  ( . )  Na  (3s)  +  Na  (4s)  product  with  only  one  laser 

(cu,)  on.  Here  co^  =  15456cm" ',  0)2  =  13  964cm"  ’,  7,  =5-5  x  10®  Wcm"^  and  f  —  'i-Sl 
X  lO^'Wcm"^. 
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the  continuum.  Further,  the  overall  shape  between  the  peaks  shows  Fano-type 
interference  between  the  photodissociation  pathways  arising  from  the  pairs  of  adjacent 
vibrational  states.  Since  significant  dissociation  is  observed  from  states  other  than  the 
initially  populated  y,  =  19,  it  is  clear  that  the  power  broadening  is  of  the  same  order  of 

magnitude  as  the  vibrational  level  spacing. 

With  both  (Ml  and  lasers  on,  each  peak  splits  into  two  peaks  in  a  manner  which  is 
dependent  both  upon  asymptotic  channel  (compare  solid  and  broken  curves  in  figures 
19  and  20)  and  frequency  (Mj  (compare  figure  19  with  20).  An  analysis  of  this  structure  is 
provided  below.  Here  we  note  the  significant  implication  that  by  varying  cOy  we  can 
control  the  channel  specific  line  shapes  A(E,  n^\Si,  n,).  F or  example,  comparing  figures  19 
and  20  shows  that  the  increase  in  cOy  results  in  a  shift  of  the  dominant  peaks  to  higher  E. 
Products  at  £  a  9025  cm are  strongly  enhanced  relative  to  the  case  in  figure  19 
products  at  £« 8980 cm"’  are  suppressed,  etc.  Tuning  0)2  or  changing  the  laser 
intensities  also  changes  the  line  shapes,  as  discussed  elsewhere  [43]. 

Integrating  /1(£,  g,  nje;,  n,)  over  £  (equation  87)  for  various  Oy  values  give  Piq) 
as  a  function  of  (Mj.  The  result  of  these  computations  are  shown  in  figure  21  for  both 
Na(3s)  +  Na(3p)  (solid  curve  and  Na(3s)  +  Na(4s)  (broken  curve)  channels,  with 
/i  =  8-7x  10®Wcm~^  /2  =  3-51  x  lOWcm"^  and  012  =  13964cm  ’.  The  probability 
P{q)  is  seen  to  oscillate  strongly  as  a  function  of  (M^,  with  the  distance  between  the  peaks 
(or  dips)  being  the  vibrational  spacing  between  y  =  31  and  32.  The  oscillations  for  the 
two  product  channels  are  out  of  phase.  Hence,  for  example,  the  probabilities  of 
producing  Na(3s)  +  Na(4s)  and  Na(3s)  +  Na(3p)  at  a)i  =  15494crn-’  are  0-198  and 
0-730,  respectively.  The  reverse  situation  occurs  at  Wi  =  15  573  cm  ’  where  the  total 
dissociation  probability  remains  0-93  but  where  68%  of  product  is  Na(3s)-FNa(4s). 
Thus  varying  a>y  provides  a  straightforward  method  of  controlling  the  branching  ratio 
into  final  product  channels.  Furthermore,  and  significantly,  computations  show  that 
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( cm  ' ) 


Figure  21.  Probability  of  forming  Na(3s)  +  Na(3p)  ( - )  and  Na  (3s)  +  Na  (4s)  ( - )  as  a 

function  of  cui,  with  02  — 13  964 cm “  \  /  j  =  8-7  x  10®  W  cm  ■  and  /2  =  3-51  x  10^®  Wcm 


arbitrarily  changing  the  relative  phase  between  the  cOj  and  cuj  does  not  alter  figures  19- 
21,  indicating  that  the  control  process  is  independent  of  the  relative  laser  phase.  This  is 
consistent  with  the  model  discussed  below. 

Reducing  the  laser  power  in  these  computations  [43]  narrows  the  frequency  range 
over  which  the  product  probability  oscillates,  clearly  indicating  that  this  range  is  at 
least  partially  determined  by  the  power  broadening. 

The  qualitative  behaviour  seen  in  figures  19-21  can  be  readily  understood  in  terms 
of  a  simple  model  which  assumes  excitation  of  the  initial  state  |l>  =  |£i,ni,n2>  with 
laser  co^  to  the  continuum  =  — Ij'bX  which  is  coupled  to  state 

|2>s|£^.,ni,n2  + 1>  with  laser  0)2-  If  these  are  the  only  contributing  states,  then  the 
photodissociation  amplitude  is  given  by 


<£  J  VG(<r)|  1  >  =  <£,|V|  1 X 1  |G(^)|  1  >  +  <£,1V|2><21G(^)|  1  >, 


(88) 


where  (f  =  £'^ +(ni-l)iia)i  +  «2^<^2-  Using  (^-Ho-V)G(#)=  1,  we  obtain  coupled 
equations  for  the  matrix  elements  of  G  which  can  be  solved.  Substituting  the  results 
into  equation  (88),  gives 

where  Ei  =  Ei  +  nihc0i  +  n2hc02,E2  =  Ej  +  {ni  —  l)hc0i  +  {n2  +  l)h(02  and  7:a^f,{a,b=l,2) 
is  given  by 

<a|V|£;><£;iVlh> 


JJ<2.i.(£)=Z 


4  J 


d£'- 


£  -  £'  -  (n  1  -  l)ftco  1  -  n2ftco2 ' 
The  £  dependence  of  equation  (89)  can  be  exposed  by  substituting 

S  =  E'*'  +{n^  —  l)/2CUi  +  n2^‘^2 


(90) 
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into  equation  (89).  Denoting  at  this  energy  by  we  have 


|<£JVG(,?)|1>P 


{S  -  £,  -  hoi,  -  TT^,  ,)<£,!  V|  1  >  +  <£,|  V|2>7r,.  1 


(91) 


where 

2x ±  =  (£,- +  TT 1 , 1  +  l)  +  +  ^2.  2  + 

±  {  [(£;  +  71 1 , 1  +  ftcui )  -  (£j  +  TTj.  2  +  ^  +  47ri ,  27r2, 1 }  (92) 

■/+  are  the  eigenvalues  associated  with  the  diagonalization  of  the  matrix  coupling  the 
two  dressed  states,  of  energy  £,-l-7ri  j  +f7C0i  and  Ej  +  n2,2  +  h<^2  ''ia  the  continuum. 
The  real  and  imaginary  parts  of  n^^gia  =  1,2)  give  the  shifts  and  broadenings  of  the  two 
levels. 

Equation  (91)  shows  photodissociation  occurring  via  two  pathways, 
|£i,«i,«2>-»’l(£>9”)>«i-l>«2>  and  |£,.,ni,n2>-^l£j-,ni-l,«2  +  l>-^l(£^><?”)> 
«i  —  1,  interference  between  them  can  be  constructive  or  destructive,  depending  on 
the  relative  sign  of  the  two  terms.  This  interference  can  be  manipulated  by  varying  the 
laser  frequencies.  The  double-peak  structure  seen  in  figures  19  and  20  is  consistent  with 
the  form  of  equation  (91)  wherein  two  peaks  are  predicted  as  the  function  of  at  the 
two  roots  of  the  equations  —  x  +  =0.  For  example,  in  the  case  of  figure  19,  the  first 
double  peak  arises  from  the  interaction  between  the  dressed  v=l9  and  !;  =  31  levels  of 
the  state  whereas  the  decrease  in  photodissociation  (compared  with  the  dotted 
curve)  in  the  middle  of  the  double-peak  results  from  the  destructive  interference 
between  them.  A  similar  explanation  applies  to  the  second  and  third  double  peaks, 
which  result  mainly  from  the  combined  excitations  of  j;  =  20  and  32  and  of  t?  =  21  and  33, 
respectively.  Note  that  the  locations  of  the  peaks  are  channel  independent  but  that  the 
ratio  of  the  heights  of  the  peaks,  given  by  the  ratio  of  K£,|V|l>(<f  —  £j  — 110)2  —  712,2) 
-|-<£JV|2>7r2,il^  evaluated  at  ^  =  x'^  and  x~  respectively,  depends  strongly  on  the 
laser  frequencies,  intensities  and  the  channel  index  q.  Thus  equation  (92)  encompasses 
the  channel  dependence  of  the  interference  and  hence  the  control  over  product 
possibilities. 

Note  also  that  equation  (91)  is  consistent  with  a  photodissociation  amplitude 
wherein  control  of  the  line  shape  and  product  probabilities  is  independent  of  the 
relative  phase  of  the  two  routes.  That  is,  if  4>i  and  ^2  ^^e  the  phases  of  the  two  lasers 
(including  the  spatial  phases  Kj-r,  K2*r),  then  absorption  of  an  co^  or  0)2  photon 
contributes  a  phase  factor  exp(i<^i)  or  exp(i(/)2)  to  the  matrix  elements  of  V.  Similarly, 
stimulated  emission  of  one  photon  of  co  1  or  0)2  contributes  a  phase  factor  exp  ( — ii^  j)  or 
exp(  — i(^2)  to  the  matrix  elements  of  V.  Therefore  the  second  term  in  denominator  of 
equation  (91)  carries  an  overall  phase  factor  exp(i(^2)6xp(i<^i  —  i^2)  =  oxp(i(^i),  which 
is  the  same  as  the  phase  factor  in  the  first  term.  The  relative  phase  of  the  two  routes, 
which  enters  the  interference  term,  is  therefore  independent  of  both  and  (j)2- 

This  model  fails,  however,  to  include  excitation  and  dissociation  of  neighbouring 
vibrational  states  of  |£,>  and  \Ej}.  Nonetheless  the  computations  in  figures  19-21, 
which  incorporate  all  vibrational  states,  clearly  demonstrate  the  desired  control. 
Further  computations  [45],  which  include  rotations  have  also  been  performed. 
Inclusion  of  these  rotational  states  leads  to  a  series  of  multiple  peak-and-dip  structure 
in  the  line  shape  corresponding  to  the  resonance  contributions  of  multiple  rotational 
states.  Because  of  this,  the  dependence  of  the  channel  specific  dissociation  yield  on  coi 
changes,  but  control  over  line  shapes  and  product  yields  is  still  strong. 
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8.  Conclusions 

Our  discussion  makes  clear  that  the  characteristic  features  which  we  invoke  m 
order  to  control  chemical  reactions  are  purely  quantum  in  nature.  There  is,  for 
example,  little  classical  about  the  time-dependent  picture  where  the  ultimate  outcome 
of  the  de-excitation,  that  is  product  H  -I-  HD  or  -I- D  depends  entirely  upon  the  phase 
and  amplitude  characteristics  of  the  wavefunction.  Indeed,  as  repeatedly  emphasized 
above  if  for  example  collisional  effects  are  sufficiently  strong  as  to  randomize  the 
phases,  then  reaction  control  is  lost.  Hence  reaction  dynamics  are  intimately  linked  to 
the  wavefunction  phases  which  are  controllable  through  coherent  optical  phase 

excitation.  .  , 

These  results  must  be  viewed  in  the  light  of  the  history  of  molecular  reaction 

dynamics  over  the  past  two  decades.  Possibly  the  most  useful  result  of  the  reaction 
dynamics  research  effort  has  been  the  recognition  that  the  vast  majority  of  qualitatively 
important  phenomena  in  reaction  dynamics  are  well  described  by  classical  mechanics. 
Quantum  and  semiclassical  mechanics  were  viewed  as  necessary  only  insofar  as  they 
correct  quantitative  failures  of  classical  mechanics  for  unusual  circumstances  and/or 
for  the  dynamics  of  very  light  particles.  Considering  reaction  dynamics  in  traditional 
chemistry  to  be  essentially  classical  in  character  therefore  appeared  to  be  essentially 
correct  for  the  vast  majority  of  naturally  occurring  molecular  processes.  Coherence 
played  no  role.  The  approach  which  we  have  introduced  above  makes  clear,  however, 
that  coherence  phenomena  have  great  potential  for  application.  The  quantum  phase  is 
always  present  and  can  be  used  to  our  advantage,  even  though  it  is  irrelevant  to 
traditional  chemistry.  By  calling  attention  to  the  extreme  importance  of  coherence 
phenomena  to  controlled  chemistry  we  herald  the  introduction  of  a  new  focus  in  atomic 
and  molecular  science,  that  is  introducing  coherence  in  controlled  environments  to 
modify  molecular  processes,  thus  defining  the  area  of  coherence  chemistry. 
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A  uniform  semiclassical  propagator  is  used  to  time  evolve  a  wave  packet  in  a  smooth  Hamiltonian 
system  at  energies  for  which  the  underlying  classical  motion  is  chaotic.  The  propagated  wave  packet 
is  Fourier  transformed  to  yield  a  scarred  eigenstate. 
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Semiclassical  mechanics  attempts  to  elucidate  and  uti¬ 
lize  the  relationship  between  classical  dynamics  and  its 
quantum  counterpart  in  the  smalls  regime  [1].  For  bound 
conservative  Hamiltonian  systems,  two  goals  may  be 
identified:  to  develop  useful  methods  for  the  semiclassical 
propagation  of  wave  packets  and  to  obtain  estimates  for 
the  quantum  eigenvalues  and  eigenfunctions  using  classi¬ 
cal  trajectories.  Both  have  been  achieved  for  classically 
integrable  systems  [2].  For  classically  chaotic  systems, 
however,  the  situation  is  still  unresolved. 

For  the  case  of  eigenfunction  or  eigenvalue  determina¬ 
tion,  most  semiclassical  studies  of  bound  Hamiltonian  sys¬ 
tems  have  been  done  in  the  energy  domain.  After  all,  the 
eigenvalues  and  eigenfunctions  are  time  independent  quan¬ 
tities  and  should  therefore  be  related  to  classical  manifolds 
that  are  time  invariant.  When  the  corresponding  classi¬ 
cal  system  is  integrable,  the  classical  motion  is  restricted 
to  tori,  and  their  quantization  produces  good  semiclassical 
estimates  for  the  eigenvalues  and  the  eigenfunctions  [2]. 
This  is  in  contrast  to  the  case  where  the  classical  system  is 
chaotic:  The  only  lime  invariant  structures  other  than  the 
energy  shell  are  then  the  periodic  orbits.  Consequently, 
periodic  orbits  are  at  the  center  of  the  semiclassical  ef- 
fons  in  the  energy  domain  for  chaotic  systems  [3].  For 
example,  Gutzwiller's  trace  formula  [4]  uses  the  periodic 
orbits  to  explain  oscillations  in  the  density  of  states,  and 
a  similar  expression  due  to  Bogomolny  [5]  explains  the 
accentuations  and  attenuations  in  the  average  coordinate 
probability  density  about  the  classical  periodic  orbits,  the 
so-called  scars. 

At  present,  however,  we  cannot  obtain  individual  eigen¬ 
values  or  eigenfunctions  for  generic  chaotic  Hamiltoni¬ 
ans  using  periodic  orbit  theory.  There  are  two  main 
reasons  for  this.  The  first  is  numerical:  to  obtain  an  en¬ 
ergy  resolution  of  e  requires  all  periodic  orbits  with  period 
T  <  ^  iTTh/e,  a  quantity  which  grows  exponentially 

in  the  chaotic  regime  [6].  Because  of  this  exponential  pro¬ 
liferation  of  contributing  orbits,  single  eigenvalues  can  be 
obtained  only  for  very  special  systems.  The  second  rea¬ 
son  is  theoretical  and  deals  with  the  possible  divergence  of 
the  semiclassical  expressions  as  we  try  to  resolve  an  eigen¬ 
value  or  eigenstate.  This  divergence  can  be  traced  back  to 
the  noncommutativity  of  the  limits /i  —  0  and 
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Similarly,  considerable  difficulties  abound  in  attempt¬ 
ing  semiclassical  propagation  in  chaotic  systems  over 
reasonable  time  periods.  For  example,  Van  Vleck- 
Gutzwiller  type  propagators  [2,7]  require  trajectories 
satisfying  two-point  boundary  value  conditions.  Chaotic 
dynamics  makes  finding  such  trajectories  extremely 
difficult.  Hence,  generally  useful  long  time  propa¬ 
gators  are  sorely  needed  to  study  chaotic  dynamics. 
The  availability  of  such  methods  would  also  aid  in 
finding  desired  eigenvalues  and  eigenfunctions.  In 
particular,  if  the  propagation  time  is  comparable  to  the 
Heisenberg  time,  th  =  IttHID,  where  D  is  the  mean 
level  spacing,  then  Fourier  transforming  the  propagated 
wave  packet  exposes  the  semiclassical  eigenvalues  and 
eigenfunctions. 

Despite  the  inherent  difficulties,  some  progress  has 
recently  been  made  toward  developing  useful  propagation 
methods  in  the  chaotic  regime.  For  example,  Tomsovic 
and  Heller  propagated  wave  packets  [8],  using  the  Van 
VIeck-Gutzwiller  propagator,  and  extracted  a  scarred 
eigenstate  of  the  stadium  billiard  [9].  In  doing  so 
they  propagated  past  the  so-called  log  time  [10],  /log  ““ 
j  log  /Yt-/-{E),  where  A  is  the  largest  Lyapunov  exponent 
of  the  chaotic  flow  [11]  and  NrriE)  is  the  number  of 
Planck  cells  in  the  phase  space  volume  enclosed  by  a  shell 
of  energy  E,  This  time  was  expected  to  limit  the  utility 
of  nonuniform  propagators  of  the  Van  VIeck-Gutzwiller 
type  [7]  since  it  was  thought  to  be  accompanied  by  the 
exponential  proliferation  of  caustics.  However,  Schulman 
[12]  has  recently  shown  that  their  success  in  “breaking  the 
log  time  barrieri’  arises  from  pathologies  of  the  particular 
system  chosen,  the  stadium  billiard,  where  most  caustics 
are  found  near  the  walls.  For  more  realistic  systems  it 
is  unclear  whether  nonuniform  semiclassical  expressions 
can  be  used  for  sufficiently  long  limes. 

In  this  Letter  we  use  a  uniform  semiclassical  propa¬ 
gator  to  get  the  time  evolution  of  a  wave  packet  in  a 
smooth  Hamiltonian  system  at  energies  for  which  the  un¬ 
derlying  classical  motion  is  chaotic.  By  uniform  we  mean 
that  there  are  no  caustics  (singularities)  in  our  expres¬ 
sions.  We  then  Fourier  transform  this  propagation  to  ob¬ 
tain  a  scarred  eigenstate.  The  method  is  straightforward 
and  has  no  caustics-based  time  limitations.  Furthermore, 
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trajectories  satisfying  two-point  boundary  values  condi¬ 
tions  are  not  required. 

To  obtain  the  time  evolution  of  a  wave  packet  |^)  we 
consider  the  following  expression: 

=  f  dp/{'P|p/)<P/Ie''"'^'lq/).  (1) 

Then  'P(q,-.r)  =  <’P|e"'"'"'*^lq/)*.  A  semiclassical 
approximation  for  Eq.  (1)  is  obtained  by  replacing 
(p/k“'^'^‘^|q,)  with  a  Van  Vleck-Gutzwiller  type  of 
expression  [13]: 

(p/k  lq.>sc  -  (27r«)'>/2  ^  |7det(D)| 

X  exp{/<^>/^  -  iPTrll),  (2) 

The  sum  is  over  all  classical  trajectories  that  connect  q/ 
with  p/  in  a  time  r;  the  sum  is  indexed  by  the  initial 
momenta  p,  such  that 

q(0)  =  q,'.  p(0)  =  p/,  and  p(r)  =  p/ .  (3) 

The  matrix  D  is  one  of  the  four  stability  matrices  which 
describe  how  trajectories  in  the  immediate  vicinity  of  a 
given  classical  trajectory  behave: 

f5q(0]^fA  B]fSq(0)] 

[spU)J  Dj(sq(0)j- 

The  function  <^(q,.p,,/)  is  a  generator  of  the  classical 
motion  and  is  given  by 

<^(q,.Pi.^)  =  -p(t)q(t)  +  f  [p(r)q(r)  -  H]Jt.  (5) 

Jo 

Finally  the  index  t'[q,.p,,/]  is  given  by  [13.14]: 

t'Lq,. p,.t]  =  —  lim  arg{dei(D  +  /eB)}.  (6) 

TT 

with  ;'[q,.  p,./ =  0]  =  0.  The  matrices  D  and  B  are 
derined  by  Eq.  (4).  It  can  be  shown  that  Eq.  (6)  is 
equivalent  to  directly  derived  Maslov  indices  [15]. 

Inserting  the  semiclassical  expression  given  in  Eq.  (2) 
into  Eq.  (1).  we  obtain 

<'Pk“"^'''lq,Xc  =  f  ^p.<'I'lp(f))|det(D)l''- 

X  exp{/<i>//I  -  iPTrfl},  (7) 

where  p(/)  is  the  momentum  resulting  from  propagation 
beginning  at  (q/,  p,).  To  obtain  Eq.  (7)  we  made  the 
change  of  integration  variables  from  p/[=  pit)]  to  p,. 
Note  that  this  expression  has  no  singularities.  In  fact,  al¬ 
though  expression  (2)  develops  caustics  (i.e.,  singularities 
caused  by  the  focusing  of  classical  trajectories)  as  time 
progresses,  Eq.  (7)  is  uniform  [13].  This  expression  is  in 
the  form  of  an  initial  value  representation  [14-16],  i.e.. 
it  allows  propagation  of  trajectories  starting  at  (q,,p,)  and 


FIG.  1.  Contours  of  the  coordinate  space  probability  density 
of  the  42nd  even  (in  jc)  eigenstate,  showing  striking  scarring 
by  a  symmetric  libration.  The  equipotential  contour  at  £  = 
0.4249,  the  energy  of  this  eigenstate,  is  also  shown. 


does  not  require  [as  does,  e.g.,  Eq.  (2)]  trajectories  that 
satisfy  two-point  boundary  conditions. 

We  use  Eq.  (7)  to  propagate  a  coherent  state  (Gauss¬ 
ian  wave  packet)  in  the  following  smooth  Hamiltonian 
system: 

//  =  5(/7;  +  Py)  +  O.OSx^  +  (y  -  (8) 

In  contrast  to  billiard  systems,  this  Hamiltonian  has  a 
smooth  potential  and  is  generic  in  the  sense  that  the 
energy  cannot  be  scaled  away.  Its  classical  dynamics 
have  been  studied  extensively  [17],  and  it  has  been  used, 
in  the  energy  domain,  to  semiclassically  study  the  scanring 
of  wave  functions  [18].  The  exact  quantal  wave  functions 
and  energies  were  obtained  as  in  [18],  with/i  =  0.05.  In 
Fig.  1  we  show  the  coordinate  probability  density  of  the 
42nd  even  (in  x)  eigenstate:  it  has  energy  £  =  0.4249. 
We  also  show  the  simple  symmetric  libration  that  scars  it 
extensively. 

Here  we  consider  propagation  of  a  wave  packet  in 
this  classically  chaotic  regime,  extracting  this  eigenstate 
semiclassically.  To  do  so  we  center  a  coherent  state  on 


RG.  2.  The  coordinate  representation  of  the  real  part  of  the 
coherent  state  to  be  propagated.  Solid  contours  are  positive, 
dashed  are  negative.  The  contour  spacing  is  0.2  in  Figs.  2-5. 
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FIG.  3.  The  real  pan  of  the  wave  packet  propagated  for  a  time 
I  =  r/4.  where  r  is  the  period  of  the  .symmetric  libration.  Top. 
exact  qu'antal  propagation.  Bottom;  semiclassical  propagation. 

this  periodic  orbit;  the  coherent  state  we  cho.se  has  the 
following  coordinate  representation: 


(ql'P) 


(q  -  q)- 

2b- 


f  (’  -  !)1  ■ 


with  b  =  0.5.  and  (q.  p)  is  the  point  where  the  symmetric 
libration  intersects  the  y  axis.  In  Fig.  2  we  show  the 
real  pan  of  the  coordinate  representation  of  this  coherent 
state,  chosen  large  in  coordinate  space  so  that  it  is  well 
localized  in  momentum  space.  This  feature  allows  us 
to  search  out  the  relevant  regions  in  momentum  space 
where  Eq.  (7)  must  be  evaluated  and  to  carry  out  the 
integration  with  low  order  quadrature  methods.  Note  that 
we  do  not  evaluate  Eq.  (7)  by  stationary  phase  and  hence 
avoid  the  root  search  problem  and  caustics  associated  with 
coalescing  trajectories. 

Our  calculations  of  the  semiclassical  wave-packet 
propagation  is  illustrated  in  Figs.  3—5  and  are  compared 
with  the  exact  propagation.  The  agreement  between  the 
exact  quantal  and  semiclassical  pictures  is  excellent,  even 
past  the  log  time  which  we  estimate  to  be  /jog  ~  1.5t. 
where  r  is  the  period  of  the  symmetric  libration.  In  Fig.  6 
we  show  the  Fourier  transform  of  our  exact  and  semiclas¬ 
sical  wave-packet  propagations,  with  "maj.  —  2.5t.  Since 
we  also  have  the  wave-packet  propagations  backwards 


FIG.  4.  Same  as  Fig.  3  but  for  t 
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FIG.  5.  Same  as  Fig.  3  but  for  t 
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FIG.  6.  The  Fourier  iransform  of  the  wave-packci  propagation 
with  £  =  0.4249  and  /max  =  2.5t.  Top:  from  exact  quantal 
propagation.  Boiioni:  from  scmiclas.sical  propagation. 

in  lime,  we  expect  to  gel  an  energy  resolution  equivalent 
to  a  propagation  lime  of  5.0t.  This  is  smaller  than 
the  Heisenberg  time,  which  is  —  8.0r  at  £  =  0.4249. 
However,  due  to  the  special  wave  packet  we  chose, 
we  arc  able  to  resolve  most  of  the  eigen.state,  and 
agreement  between  the  .semiclassical  and  quantum  results 
is  excellent.  It  is  impoaant  to  realize  that  a  similar 
calculation  in  the  energy  domain  using  Bogomolny’s 
formula  [18]  would  not  produce  the  nodal  structure  which 
is  seen  to  exist  along  the  libration,  even  if  all  the  periodic 
orbits  with  periods  up  to  th  were  included. 

The  resultant  ligurcs  clea.’-ly  demonstrate  that  this  uni¬ 
form  propagation  method  is  capable  of  accurate  propa¬ 
gation  in  chaotic  systems  over  sufficiently  long  times  to 
extract  accurate  eigenstates.  Further  studies  over  longer 
time  periods  and  for  larger  systems  are  well  warranted 
and  are  in  progress. 
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Laser  Control 
of  Chemical  Reactions 

For  years,  chemists  have  sought  to  control  reactions  with  lasers— and 
have  mostly  failed.  Success  may  come  from  exploiting  subtle 
quantum  effects  resulting  from  the  interaction  of  light  and  matter 

by  Paul  Brumer  and  Moshe  Shapiro 


A  Ithough  the  science  of  chemistry 
/\  has  made  considerable  progress 
jlX  in  the  past  century,  the  main 
principles  behind  the  industrial  prac¬ 
tice  of  chemistry  have  remained  basi¬ 
cally  unchanged.  Methods  for  breaking 
and  re-forming  chemical  bonds  still  of¬ 
ten  rely  heavily  on  altering  the  temper¬ 
ature  and  pressure  of  the  reaction  or 
adding  a  catalyst.  This  approach  is  of¬ 
ten  ineffective  because  it  takes  no  ac¬ 
count  of  our  understanding  of  the  mo¬ 
tions  of  molecules.  As  a  result,  bulk  re¬ 
actions  are  often  inefficient,  generating 
large  quantities  of  useless  by-products 
in  addition  to  the  desired  materials. 

Recently  investigators  have  devised 
new  techniques,  based  on  illuminating 
chemical  compounds  with  lasers,  that 
can  potentially  control  the  paths  taken 
by  reactions.  These  methods  promise 
to  alter  the  yields  in  selected  ways  by 
exploiting  an  essential  feature  of  quan¬ 
tum  mechanics— namely,  the  wavehke 
properties  of  both  light  and  matter. 
The  latest  calculations  show  that  lasers 
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can  be  enormously  effective  in  steering 
a  reaction  down  a  preferred  pathway. 

The  idea  of  using  lasers  to  drive  reac¬ 
tions  is  not  revolutionary— in  fact,  at¬ 
tempts  to  do  so  began  shortly  after  the 
first  laser  was  invented  about  35  years 
ago.  These  devices  emit  radiation  of  a 
precise  frequency,  or  color,  and  thus 
can  impart  a  well-defined  parcel  of  en¬ 
ergy  to  a  given  target.  Chemical  bonds 
w^ere  seen  as  individual  springs  of  dif¬ 
ferent  strengths,  each  of  which  vibrated 
when  given  a  certain  amount  of  energy. 
The  hope  was  that  lasers  could  be  tuned 
to  attack  a  particular  bond,  weakening 
or  breaking  it  and  thereby  encouraging 
one  product  to  form  in  lieu  of  another. 

But  this  approach,  called  mode-selec¬ 
tive  chemistry,  has  seen  only  limited 
success.  In  fact,  it  is  doomed  to  fail  for 
the  vast  majority  of  molecules  because 
it  assumes  that  chemical  bonds  are 
largely  independent  of  one  another. 
Only  a  few  compounds  have  bonds  that 
meet  this  requirement.  Rather  most 
bonds  are  strongly  interdependent:  en¬ 
ergy^  readily  flow^s  between  them.  As  a 
consequence,  the  energy  imparted  by 
the  laser  is  distributed  throughout  the 
molecule  in  a  fashion  similar  to  that  re¬ 
sulting  from  traditional,  and  far  cheap¬ 
er,  sources. 

The  latest  approach,  called  coherent 
control,  has  grown  out  of  research  be¬ 
gun  in  the  mid-1980s,  when  investiga¬ 
tors  began  to  take  a  look  at  properties 
of  laser  Light  that  had  been  ignored  in 
earlier  considerations  of  chemical  con¬ 
trol.  One  such  property  is  the  coher¬ 
ence  of  laser  light.  “Coherence”  relates 
to  the  w’ay  that  atoms  emit  light,  hi  con¬ 
ventional  light  sources,  such  as  house¬ 
hold  bulbs,  electricity  heats  up  the  fil¬ 
ament,  exciting  tungsten  atoms.  The 
atoms  spontaneously  lose  this  energy 
by  giving  off  a  bit  of  light.  Each  atom, 
however,  emits  light  independently  of 
the  other  atoms.  The  total  light  from  the 


fdament  therefore  consists  of  a  jumble 
of  waves  from  individual  atoms.  In  a 
way,  light  from  ordinary  sources  resem¬ 
bles  a  column  of  soldiers  marching  out 
of  step  with  one  another.  Physicists  say 
that  such  light  is  incoherent,  or  out  of 
phase.  In  contrast,  atoms  in  lasers  act 
together.  Consequently,  all  the  waves 
that  make  up  the  entire  laser  beam 
match  perfectly,  behaving  like  soldiers 
marching  in  step. 

Coherent  light  readily  displays  an 
important  property— constructive  md 
destructive  interference.  The  term  “in¬ 
terference”  does  not  necessarily  mean 
that  the  waves  disturb  one  another’s  tra¬ 
jectories;  it  refers  to  the  w’ay  all  waves 
(including  those  on  water)  combine.  In 
constructive  interference,  the  crests  or 
troughs  of  two  (or  more)  waves  meet 
so  that  the  wave  heights  or  dips  add  to¬ 
gether.  The  wave  therefore  becomes 
bigger  and  deeper  (in  other  words,  the 
amplitude  of  the  wave  increases).  In 
destructive  interference,  crest  meets 
trough,  and  the  wave  is  extinguished. 

Interfering  Light  Waves 

rphe  phenomena  of  constructive  and 
Jl  destructive  interference  become  ap¬ 
parent  if  we  shine  a  laser  beam  on  an 
opaque  plate  that  has  two  narrow  slits 
cut  into  it.  Each  slit  acts  as  a  new  source 
of  light  waves.  The  waves  emanating 
from  each  slit,  which  fan  out,  can  then 
interfere  with  each  other.  The  interfer¬ 
ence  can  be  rendered  visible  if  we  place 
a  viewing  screen  just  beyond  the  slits. 
The  screen  will  show  a  pattern  of  dark 
and  light  stripes,  or  fringes.  The  light 
areas  correspond  to  constructive  in¬ 
terference;  the  dark  areas,  destructive 
interference. 

The  latest  technique  to  control  mole¬ 
cules  takes  advantage  of  the  fact  that 
light  is  not  the  only  entity  that  displays 
interference.  In  accordance  with  a  basic 
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principle  of  quantum  mechanics,  parti-  How  can  chemists  exploit  interfer-  tive  interference  would  result  in  the  ab- 
cles  such  as  dectrons,  atoms  and  mole-  ence  phenomena  to  control  reactions?  sence  of  that  product  or  the  enhanced 

cules  can  also  behave  as  waves  that  can  Numerous  techniques  have  been  devel-  formation  of  another.  It  turns  out  that 

interfere  with  one  another  [see  “The  oped,  but  the  simplest  one  trains  two  we  can  control  the  interference  pat- 

Duality  in  Matter  and  Light,”  by  Bert-  different  lasers  beams  on  molecules,  tern— that  is,  the  yield  of  the  reaction 

hold-Georg  Englert,  Marian  0.  Scully  and  Each  beam  excites  the  wavelike  aspect  products— by  adjusting  the  coherence 

Herbert  Walther;  ScxENTcnc  American,  of  the  molecules  in  a  particular  way.  and  intensity  properties  of  the  two  la- 

December  1994].  Experiments  have  ful-  These  two  matter  waves  can  then  inter-  ser  beams. 

ly  confirmed  the  existence  of  such  mat-  fere  with  each  other.  Constructive  inter-  A  more  specific  explanation  incorpo- 
ter  waves  and  of  the  associated  inter-  ference,  in  rum,  may  result  in  the  for-  rates  an  abstraction  known  as  a  wave 
ference  of  particles.  mation  of  a  particular  product.  Destruc-  function,  which  physicists  use  to  de- 


LASER  BEAMS  fired  into  a  vessel  filled  vrith  paired  sodium  interfere  with  one  another.  Each  molecule  subsequently 

atoms,  or  dimers,  can  control  the  breakup  of  the  molecules,  breaks  up  into  one  sodium  atom  in  its  normal  state  and  an- 

The  beams,  each  of  a  different  frequency  (appearing  as  yel-  other  so^um  atom  in  any  of  several  excited  states.  The  par- 

low  and  red),  place  the  molecules  into  quantum  states  ^at  ticular  state  formed  is  governed  by  the  degree  of  interference. 
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scribe  atomic  and  molecular  systems. 
Consider  a  molecule  made  of  three  com¬ 
ponents  connected  in  a  line— call  them 
A,  B  and  C  Because  particles  behave  as 
waves,  physicists  can  describe  the  ini¬ 
tial  state  of  the  molecule  with  a  mathe¬ 
matical  entity— a  wave  function.  It  em¬ 
bodies  all  available  information  about 
the  state  of  a  particle  and  its  motions, 
or  dynamics.  For  example,  the  square, 
of  the  wave  function  gives  the  proba¬ 
bility  of  finding  the  molecule  in  a  par¬ 
ticular  geometry.  Wave  functions  serve 
as  the  basic  descriptive  tool  of  quan¬ 
tum  mechanics. 

Now  imagine  that  we  can  break  the 
ABC  molecule  apart  in  two  ways.  Either 
the  bond  between  A  and  B  can  break, 
or  the  one  between  B  and  C  Thus,  two 
pairs  of  compounds  are  possible:  A  and 
BC  or  AB  and  C  To  produce  either  pos¬ 
sibility,  we  must  add  energy  to  the  mol¬ 
ecule.  We  can  irradiate  it  with  a  photon 
of  a  particular  frequency  (and  thus  im¬ 
part  a  known  amount  of  energy  to  it), 
which  the  molecule  absorbs.  If  the  pho¬ 
ton  is  sufficiently  energetic,  it  brings  the 
ABC  molecule  to  the  final  state— that  is, 
to  the  energy  level  at  which  ABC  dissoci¬ 
ates  into  two  products.  The  wave  func¬ 
tion  describing  the  ABC  molecule  in  this 
state  incorporates  two  kinds  of  infor¬ 
mation.  One  is  the  wave  nature  of  the 
laser  light  impinging  on  the  molecule; 
the  second  is  the  quantum-mechanical 
wave  nature  of  the  molecule  itself. 

But  what  if  we  irradiate  the  molecule 
at  one  third  the  frequency  (that  is,  with 
light  carrying  one  third  the  energy)?  In 
this  case,  the  molecule  would  have  to 


PHASE  COHERENCE  refers  to  the  way 
atoms  emit  radiant  energy.  In  ordinary 
sources  such  as  lightbulbs,  excited 
atoms  spontaneously  give  off  light  in¬ 
dependently  of  one  another.  Hence,  the 
light  waves  from  each  do  not  "line  up,” 
and  the  total  output  over  time  consists 
of  random  emissions  (left).  In  laser  light 
{right),  aU  the  atoms  emit  in  phase,  so 
the  output  is  coherent. 


absorb  three  photons  instead  of  one  in 
order  to  dissociate.  The  molecular  wave 
function  at  the  point  of  dissociation 
would  then  be  different,  reflecting  the 
fact  that  the  molecule  absorbed  three 
photons  rather  than  just  one. 

We  can  control  molecular  motion  if 
we  simultaneously  iiradiate  ABC  with 
both  light  fields.  Doing  so  produces  two 
distinct  wave  functions  at  the  energy  of 
dissociation.  The  two  modes  of  excita¬ 
tion  interfere,  just  as  coherent  light 
does  when  it  passes  through  two  slits 
[see  box  on  page  38].  It  may  seem 
strange  that  two  reaction  pathways  can 
interfere,  but  such  interference  is  the 
essence  of  quantum  mechanics. 

Fortunately  for  chemists  seeking  to 
control  molecules,  the  mathematical 
term  describing  the  interference  differs 
for  the  two  possible  outcomes  of  the 
reaction.  We  can  create  predominantly 
A  and  BC  or  mostly  AB  and  C  by  adjust¬ 
ing  the  interference  term.  The  interfer¬ 
ence,  and  hence  the  amount  of  each 
product,  depends  on  the  relative  ampli¬ 
tude  and  phase  of  the  two  original  la¬ 
ser  beams,  and  so  it  can  be  altered  by 
adjusting  these  characteristics.  Note 


that  because  control  relies  on  interfer¬ 
ence,  the  method  does  not  require  the 
use  of  intense  lasers.  In  other  words, 
weak  light  can  have  a  substantial  effect 
on  the  dynamics  of  molecules. 

Working  with  Chi  K.  Chan,  then  at 
the  University  of  Toronto,  we  studied 
the  dissociation  of  the  diatomic  mole¬ 
cule  iodine  monobromine  (IBr).  This 
molecule  can  separate  into  I-i-Br  or 
I-{-Br*,  where  the  asterisk  indicates  that 
the  bromine  atom  has  excess  energy. 
Our  calculations  predict  that  varying  the 
intensities  and  rdative  phase  of  two  la- 


PHASE-SHIFTED 

PHOTON 


CONTOOUJED  CHEMICAL  DISSOCIATION  can  be  accomplished 
if  a  compound  is  irradiated  simultaneously  by  two  types  of 
laser  photons,  one  of  which  is  more  energetic  than  the  other. 
For  instance,  the  molecule  ABC  can  dissociate  if  it  absorbs  a 
photon  of  a  certain  energy,  or  three  photons,  each  with  one 


third  the  energy.  The  wave  functions  associated  \nxh  the  ex¬ 
citation  by  each  type  of  photon  quantum-mechanically  inter¬ 
fere  with  one  another.  The  extent  of  the  interference— and 
hence,  the  yield— is  controDed  by  adjusting  the  relative  ampli¬ 
tude  (the  height  of  the  wave)  and  the  phase  of  the  laser  light. 
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ser  beams  would  provide  an  enormous 
range  of  control  over  the  reaction.  We 
would  be  able  to  vary  the  amoimt  of 
energetic  bromine  produced  to  ensure 
that  it  accounted  for  between  25  and 
95  percent  of  the  total  product  formed. 
This  degree  of  control  far  exceeds  the 
hopes  of  conventional  industrial  chem¬ 
istry,  which  seeks  to  improve  reaction 
selectivity  by  about  10  percent.  Experi¬ 
ments  by  Daniel  S.  Elliott  of  Purdue 
University  have  demonstrated  the  suc¬ 
cess  of  this  approach  for  controlling  the 
ionization  of  atoms.  Robert  J.  Gordon 


of  the  University  of  Illinois  at  Chicago 
has  also  obtained  beautiful  results  in 
the  control  of  diatomic  and  polyatomic 
molecules. 

This  form  of  coherent  control  is  not 
restricted  to  the  use  of  one  photon  and 
three  photons  at  one  third  the  energy. 
Rather  quantum  mechanics  permits 
control  over  the  probability  that  a  par¬ 
ticular  reaction  occur  if  each  of  the 
two  paths  corresponds  to  the  absorp¬ 
tion  of  either  an  even  number  or  an  odd 
number  of  photons.  For  example,  An¬ 
dre  Bandrauk  of  the  University  of  Sher¬ 
brooke  in  Quebec  has  computationally 
displayed  extensive  control  over  the 
photo^ssociation  of  a  chlorine  mole¬ 
cule  into  energetic  and  nonenergetic 
atoms  when  the  molecule  absorbs  two 
I  photons  from  one  laser  beam  and  four 
9  photons,  each  of  half  the  energy,  from 
i  the  second  laser  beam.  Similarly,  we 
I  have  shown  that  using  one  photon  in 
I  conjunction  with  two  photons,  each  of 
half  the  energy,  can  be  used  to  control 
the  direction  that  molecules  take  when 
they  leave  the  reaction  region.  Such  an 
ability  may  render  the  separation  of 
products  easier  and  thereby  boost  the 
efficiency  of  the  reaction. 

Current  limitations 

A  Ithough  the  concepts  behind  con- 
\  trolling-  reactions  ^th  coherent 
light  apply  to  a  wide  range  of  isolated 
molecules,  there  are  at  least  two  obsta¬ 
cles  to  their  immediate  broad  applica¬ 
tion.  One  is  that  the  efficiency  of  laser 
control  drops  substantially  when  the 


light  waves  or  the  molecular  wave  func¬ 
tions  have  ill-defined  phases.  Loss  of 
phase  definition  occurs  mainly  because 
of  collisions  between  molecules,  which 
increase  with  higher  temperature  and 
pressure  and  which  commonly  occur  in 
industrial  environments.  Further  work 
is  necessary  to  be  able  to  Introduce  co¬ 
herent  control  into  modem  commer¬ 
cial  settings.  Consequently,  at  present, 
the  schemes  must  be  applied  in  clever¬ 
ly  designed  environments  or  must  be 
restricted  to  a  limited  class  of  reactions. 
For  instance,  current  technology  works 
well  on  dilute  gases,  where  the  mole¬ 
cules  are  far  apart  and  so  collide  less 
frequently. 

The  second  major  obstacle,  now  be¬ 
ginning  to  seem  surmountable,  involves 
the  phase  of  the  laser  light.  Given  two 
arbitrary  laser  sources,  we  generally  do 
not  know  the  extent  to  which  the  light 
from  one  wHl  be  in  phase  with  the  oth¬ 
er.  In  addition,  the  phase  difference  is 
affected  by  any  instabilities  in  the  equip¬ 
ment.  An  unstable  phase  difference  be¬ 
tween  the  two  lasers  reduces  the  degree 
of  interference  and  control. 

Sophisticated  optical  techniques  have 
the  potential  to  eliminate  such  phase 
problems.  For  example,  photons  may 
be  generated  by  passing  light  at  one 
frequency  through  a  particular  material 
that  is  thereby  induced  to  emit  light  at 
another  frequency.  This  process  yields 
two  light  fields  whose  phase  relations 
are  well  defined.  We  can  further  con¬ 
trol  the  phase  differences  between  the 
two  light  sources  by  temporarily  slow¬ 
ing  one  light  beam  relative  to  the  other. 


TWO-PULSE  LASER  STRATEGY  can  also  govern  the  yield  of  a 
chemical  reactiort  The  first  pulse  places  the  molecule  in  a  su¬ 
perposition  state— in  other  words,  it  sets  the  molecule  vibrat¬ 
ing  and  rotating  in  a  particular  way.  The  motion  depends  on 


the  characteristics  of  the  molecule  and  the  laser.  The  second 
pulse  causes  the  molecule  to  break  up.  The  differences  in 
yield  are  controlled  by  varying  the  time  between  pulses  and 
by  changing  the  frequencies  that  make  up  the  pulses. 
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Interference  and  Coherent  Control 


Perhaps  the  most  unusual  aspect  of  quantum  mechan¬ 
ics  is  that,  under  certain  circumstances,  matter  be¬ 
haves  just  as  waves  do.  In  particular,  it  displays  interfer¬ 
ence.  Because  this  property  is  essential  to  the  ability  of 
lasers  to  control  chemical  reactions,  some  of  the  math¬ 
ematics  and  more  technical  quantum-mechanical  con¬ 
cepts  underlying  the  phenomenon  may  be  of  interest. 

Interference  arises  from  the  way  waves  add  together. 
The  rule  for  combining  many  different  waves  is  first  to 
sum  their  amplitudes  (the  height  of  the  wave)  and  then 
square  the  result.  Consider  the  interference  of  two  waves 
whose  amplitudes  at  a  given  position  and  time  are  a  and 
b.  The  intensity  of  each 
wave  is  and  The  > 
combined  amplitude,  c,  | 

Is  the  sum  c=a-hb,  q 
and  the  combined  in-  | 
tensity  is  | 

a^+  b^  +  2ab.  | 

Note  that  the  com¬ 
bined  intensity  is  not 
merely  the  sum  of  the 
Intensities  of  each  wave 
(which  would  be 
b^),  but  that  an  addi¬ 
tional  interference  term, 

2ab,  contributes.  If  a 
and  b  are  both  positive 
or  both  negative,  this 
Interference  term  Is 
positive.  The  resulting 
Intensity,  c^,  is  thus  greater  than  the  simple  sum  of  inten¬ 
sities  of  each  wave.  The  interference  in  this  case  is  said  to 
be  constructive.  If  a  is  positive  and  b  is  negative  (or  vice 
versa),  the  interference  term  is  negative,  and  the  resulting 
intensity  is  smaller  than  the  simple  sum  of  the  individual 
intensities.  Interference  in  this  case  is  said  to  be  destructive. 

The  variation  in  intensity  produced  by  interfering  light 
waves  can  be  seen  in  the  famous  double-slit  experiment, 
In  which  a  beam  of  coherent  light  passes  through  two  slits 
and  onto  a  screen  (diagram).  The  bright  regions  on  the 
screen  arise  from  the  constructive  interference  between 
the  two  beams  of  light  passing  through  the  two  slits;  dark 
regions  result  from  the  destructive  interference.  Intensi¬ 
ties  in  between  these  two  extremes  arise  from  the  combi¬ 


nations  of  maxima  and  minima  meeting  at  the  screen. 

Now  consider  replacing  the  light  with  particles  such  as 
electrons,  atoms  or  molecules.  Classical  intuition  would 
suggest  that  the  emergent  pattern  on  the  screen  would  re¬ 
semble  two  nearly  rectangular  blobs,  resulting  from  the 
direct  passage  of  particles  through  the  slits.  In  fact — and 
this  is  the  essential  feature  of  quantum  mechanics— the 
observed  pattern  can  clearly  display  an  interference  pat¬ 
tern.  That  is,  the  particles  can  show  behavior  characteris¬ 
tic  of  waves  (as  long  as  the  particles  are  themselves  “co¬ 
herent”— that  is,  prepared  so  that  they  have  well-defined 
wave  functions).  There  is  simply  no  way  to  explain  these 

observations  on  the  ba¬ 
sis  of  a  classical  theory 
of  particles. 

For  this  reason,  the 
proper  description  of 
particle  dynamics  in 
quantum  mechanics  en¬ 
tails  a  wave  function 
that,  as  in  the  case  for 
waves,  is  described  by 
both  an  amplitude  and 
a  phase.  In  the  double¬ 
slit  experiment  applied 
to  particles,  quantum 
wave  functions  arriving 
at  the  screen  via  the 
slits  interfere  with  one 
another.  Most  signifi¬ 
cant  is  another  unusual 
feature  of  the  quantum  world:  interference  arises  because 
we  do  not  know  through  which  of  the  slits  the  particles 
passed.  If  we  do  record  such  information,  the  interference 
pattern  disappears. 

The  two-slit  experiment  embodies  the  fundamental  quan¬ 
tum  principle  that  two  (or  more)  phase-preserving  routes 
that  a  molecule  can  take  to  some  final  state  can  be  made 
to  interfere.  In  the  case  of  the  one-photon  plus  three-pho¬ 
ton  experiment  mentioned  in  the  main  body  of  the  article, 
we  do  not  know  which  of  the  two  possible  excitation 
routes  leads  to  the  observed  final  state.  Hence,  the  two 
routes  interfere.  This  optically  induced  interference  forms 
the  foundation  for  coherent  radiative  control  of  molecular 
processes. 


SCREEN 


INTERFERENCE 

PATTERN 


interference  fringes  are  made  if  coherpt  light  passes  through 
two  slits.  Particles  such  as  molecules  also  interfere  in  this  way. 


Another  way  to  control  phase  prob¬ 
lems  relies  on  intense  laser  beams,  the 
focus  of  many  recent  investigations. 
With  Zhidang  Chen  of  the  University  of 
Toronto,  we  have  shown  that  such  la¬ 
sers  make  it  possible  to  bypass  the  need 
for  radiation  having  well-defined  and 
carefully  controlled  phases.  In  addition, 
such  strong-held  methods  have  the  po¬ 
tential  to  increase  substantially  the  ab¬ 
solute  yield  of  the  reaction  and  to  over¬ 
come  unwanted  coUisional  effects.  A 
particular  scheme  has  just  been  used 
experimentally  at  the  Weizmann  Insti¬ 
tute  of  Science  in  Israel  by  Irit  Sofer, 
Alexander  Shnitman,  Ilya  (}olub,  Am- 
non  Yogev  and  us  to  demonstrate  con¬ 


trol  over  the  various  products  formed 
in  the  dissociation  of  paired  sodium 
molecules. 

Using  Pulses 

Because  interference  of  molecular 
pathways  is  the  key  to  governing  re¬ 
actions,  any  laser  scenario  that  induces 
such  interference  may  serve  as  a  means 
of  controlling  reactions.  Instead  of  shin¬ 
ing  two  steady  beams  on  a  target,  one 
might  use  ultrashort  pulses  of  laser 
light.  Modem  lasers  can  generate  bursts 
as  short  as  10'^^  second.  Unlike  contin¬ 
uous-wave  radiation,  a  light  pulse  is 
made  up  of  a  collection  of  distinct  fre¬ 


quencies  and,  hence,  of  a  collection  of 
photons  with  different  energies.  Such 
light  also  has  a  perhaps  coimterintuitive 
property.  The  briefer  the  pulse,  the 
broader  the  range  of  energies  within  it. 

This  property  plays  a  major  role  in 
pulsed-laser  methods  for  controlling 
the  outcomes  of  chemical  reactions.  By 
delivering  a  range  of  energies,  a  pulse 
can  induce  motion  (such  as  vibration 
or  rotation)  in  a  molecule,  which  in  turn 
affects  the  way  it  interacts  with  other 
light  pulses.  Ordinarily  a  molecule  such 
as  ABC  exists  at  a  specific  (that  is,  quan¬ 
tized)  energy  value.  A  system  at  one  of 
these  fixed  energies  resides  in  a  so-called 
stationary  state  and  does  not  move  over 
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time.  For  a  molecule  to  undergo  the  dy¬ 
namics,  it  must  live  in  several  energy 
levels  at  once.  Such  an  assemblage  of 
energy  levels  is  called  a  superposition 
state.  The  wave  function  describing  the 
superposition  state  is  the  sum  of  wave 
functions  representing  stationary  states 
of  different  energies.  To  construct  it,  re¬ 
searchers  shine  a  pulse  of  coherent  la¬ 
ser  light  on  the  molecule.  The  way  the 
molecule  then  moves  depends  on  the 
nature  of  the  light  pulse  and  its  interac¬ 
tion  with  the  molecule.  Thus,  we  can  ef¬ 
fect  dynamic  changes  in  the  molecule  by 
shifting  the  relative  contribution  of  the 
frequencies  that  compose  the  pulse*— 
that  is,  by  shaping  the  pulse. 

Several  researchers  have  developed 
these  ideas.  They  include  Stuart  A.  Rice 
of  the  University  of  Chicago,  David  J. 
Tannor  of  Notre  Dame  University,  Her- 
schel  Rabitz  of  Princeton  University, 
Ronnie  Kosloff  of  the  Hebrew  University 
of  Jerusalem  and  Kent  R.  Wilson  of  the 
University  of  California  at  San  Diego. 
Their  results  show  that  pulses  built  out 
of  a  complicated  mixture  of  frequencies 
are  required  to  control  molecular  dy¬ 
namics  optimally,  but  simple  approxi¬ 
mations  often  suffice  to  break  apart 
molecules  in  a  controlled  way. 

Although  a  single  light  pulse  can  al¬ 
ter  the  dynamics  of  a  molecule,  it  does 
not  by  itself  afford  an  active  means  of 
controlling  the  yield  of  a  chemical  reac¬ 
tion.  Rather  an  idea  originally  intro¬ 
duced  by  Rice  and  Tannor  and  subse¬ 
quently  extended  by  us  in  collabora¬ 
tion  with  Tamar  Seideman,  now  at  the 
National  Research  Council  of  Canada, 
does  allow  for  control  with  pulses.  Spe¬ 
cifically,  one  needs  to  employ  a  two- 
pulse  sequence.  The  first  pulse  places 
the  molecule  in  a  superposition  state 
that  dictates  how  that  molecule  will  lat¬ 
er  respond  to  the  follow-up  pulse.  The 
second  pulse  breaks  up  the  molecule 
into  different  products. 

Although  not  apparent,  this  scenario 
is  similar  to  that  using  continuous-wave 
lasers  in  that  quantum  interference  be¬ 
tween  wave  functions  is  responsible  for 
the  control.  Interference  between  mo¬ 
lecular  wave  functions,  however,  is  now 
created  by  the  various  frequencies  with¬ 
in  the  two  light  pulses  incident  on  the 
molecule.  The  interference,  and  hence 
the  yield  of  the  products  formed,  can 
be  altered  easily  by  varying  the  interval 
between  the  two  pulses  and  the  frequen¬ 
cies  that  make  up  the  first  laser  pulse. 
Hence,  unlike  the  continuous-wave  laser 
experiments  in  which  a  steady  stream 
of  products  is  formed,  pulsed  lasers  let 
us  take  advantage  of  time  as  an  experi¬ 
mental  variable. 

Indeed,  computational  studies  by  Iz- 
hak  Levy,  formerly  at  the  Weizmann  In¬ 


stitute,  and  us  show  that  the  range  of 
control  is  potentially  quite  extensive.  In 
an  analysis  of  the  dissociation  of  di¬ 
atomic  molecules,  we  showed  that  the 
yield  can  be  varied  so  that  the  desired 
product  accounts  for  between  3  percent 
of  the  total  yield  and  95  percent,  de¬ 
pending  on  tile  laser  settings  selected. 
One  can  basically  turn  a  process  com¬ 
pletely  on  or  off.  For  polyatomic  mole¬ 
cules,  control  is  not  as  extensive  but  is 
considerable  nonetheless.  We  have,  for 
instance,  successfully  applied  this  ap¬ 
proach  to  the  dissociation  of  monodeu- 
terated  water  (HOD),  made  of  hydrogen, 
oxygen  and  deuterium,  to  produce  con¬ 
trollable  amounts  of  H  +  OD  or  D  -f  OH. 

Help  for  Pharmaceuticals 

One  of  the  first  real-world  applica¬ 
tions  of  laser  control  may  well  be 
enjoyed  by  the  pharmaceutical  indus¬ 
try.  Currently  chemists  must  take  care 
to  ensure  that  reaction  products  adopt 
a  specific  conformation.  Often  the  same 
molecule  can  exist  in  two  forms,  known 
as  enantiomers.  Like  our  right  and  left 
hands,  enantiomers  are  mirror  images 
of  each  other.  Indeed,  such  molecules 
are  often  referred  to  as  right-  or  left- 
handed.  Drug  companies  expend  con¬ 
siderable  effort  to  form  compounds 
with  the  correct  handedness  because 
often  one  enantiomer  is  biologically  ac¬ 
tive,  and  the  other  is  either  inactive  or 
harmful. 

Laser  control  could  be  a  solution  for 
achieving  the  correct  outcome.  We  ex¬ 
amined  the  dissociation  of  a  compound 
that  can  break  up  into  either  right-  or 
left-handed  forms— call  the  substance 
ABA',  where  A  and  A'  are  enantiomers. 
The  reaction  can  produce  A  and  BA'  or 
A'  and  BA.  Because  ABA'  is  highly  sym¬ 
metrical,  traditional  dissociation  of 
ABA'  by  absorption  of  light  does  not 
push  the  reaction  in  any  particular  di¬ 
rection;  the  result  is  an  equal  yield  of  A 
and  A'.  But  our  studies  show  that  un¬ 
der  certain  conditions  (in  particular,  in 
the  presence  of  a  weak  magnetic  field) 
the  two-pulse  scheme  can  be  used  to 
control  enantiomeric  yield  so  that  we 
can  produce  A  rather  than  A'. 

Procedures  based  on  quantum  inter¬ 
ference  can  do  more  than  control  chem¬ 
ical  reactions.  They  can  be  used  to  pro¬ 
duce  entirely  novel  kinds  of  technology. 
The  methods  can  allow  workers  to  se¬ 
lect  the  particular  energy  state  of  the 
products  of  a  chemical  reaction.  These 
products  could  in  turn  generate  laser 
light  at  frequencies  not  obtainable  with 
current  equipment.  Even  more  interest¬ 
ing,  Paul  B.  Corkum  of  the  National  Re¬ 
search  Council  of  Canada  has  proposed 
using  interference  effects  to  build  lasers 


that  emit  supershort  bursts  of  light,  on 
the  timescale  of  10 second.  This  in¬ 
terval  is  about  one  tenth  the  length  of 
pulses  from  the  best  lasers  in  use  today. 

With  Gershon  Kurizki  of  the  Weiz¬ 
mann  Institute,  we  have  proposed  us¬ 
ing  quantum  interference  to  regulate 
the  flow  of  electrons  in  semiconductors. 
One  can  design  two  pathways  by  which 
a  donor  atom  loses  an  electron  on  ab¬ 
sorption  of  light.  These  paths  can  be 
made  to  interfere.  Controlling  this  in¬ 
terference  means  that  the  direction  of 
the  ejected  electrons— and  hence  the  di¬ 
rection  of  the  electric  current— can  be 
regulated.  The  result  would  be  a  fast 
optical  switch,  perhaps  on  the  order  of 
10  second,  many  times  faster  than 
present-day  switches.  Experimental  ev¬ 
idence  for  such  directional  control  has 
now  been  obtained  by  Boris  Zeldovich, 
now  at  the  University  of  Central  Florida, 
in  photoelectric  detectors,  by  Corkum 
in  semiconductor  devices  and  by  Elliott 
in  atoms  that  are  ionized  by  light. 

The  advent  of  quantum  mechanics 
introduced  new  concepts  in  the  under¬ 
standing  of  nature.  But  we  are  now  mov¬ 
ing  past  the  role  of  passive  observer. 
As  we  approach  the  21st  century,  it  is 
clear  that  we  can  extend  quantum-me¬ 
chanical  ideas  to  open  up  unprecedent¬ 
ed  possibilities  for  gaining  further  con¬ 
trol  over  atomic,  molecular  and  elec¬ 
tronic  processes. 
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Control  over  channel-specific  line  shapes  and  branching  ratios  in  photodissociation  is  shown  to  be 
achievable  by  irradiating  a  molecule  with  two  intense  cw  lasers  whose  relative  phase  need  not  be 
•well  defined.  Control  results  from  quantum  interference  between  nonlinear  pathways  induced  by  the 
intense  fields,  within  which  the  relative  laser  phase  cancels.  The  interference,  and  hence  the  product 
yields,  can  be  manipulated  by  changing  the  relative  frequencies  and  intensities  of  the  two  lasers.  In 
this  paper  this  theoiy  of  high  field  control  is  developed,  and  computations  on  the  photodissociation 
of  Na2  are  presented.  Control  over  product  yields  is  shown  to  be  extensive,  even  with  inclusion  of 
rotational  states.  For  example,  the  branching  ratio  between  the  Na(3.r)+Na(3p)  and 
Na(35)+Na(4r)  products  can  change  by  as  much  as  a  factor  of  10  as  the  frequencies  are 
tuned.  ©  1995  American  Institute  of  Physics. 


I.  INTRODUCTION 

Controlling  atomic  and  molecular  processes  via  external 
variation  of  laser  parameters  is  a  rapidly  developing  field. 
Most  recent  innovations  rely  on  using  several  lasers  with 
well-defined  relative  phase  to  excite  a  system. This  simul¬ 
taneous  excitation  induces  quantum  interference  effects  be¬ 
tween  laser-induced  multiple  excitation  routes.  These  inter¬ 
ferences,  and  hence  the  molecular  dynamics,  may  be  altered 
by  varying  the  laser  intensities  and  their  relative  phase.  Fur¬ 
ther,  computations  on  molecular  photodissociation  show  that 
control  over  product  yields  is  extensive^ and  several  experi¬ 
ments  have  demonstrated  the  validity  of  the  essential  coher¬ 
ent  control  principle."^ 

The  vast  majority  of  proposed  control  scenarios  have 
relied  upon  the  use  of  lasers  whose  relative  phase  is  control¬ 
lable  and  well  defined.  In  this  paper  we  show  that  simulta¬ 
neous  irradiation  of  a  molecule  with  two  intense  laser  fields 
allows  for  a  control  scenario  in  which  relative  laser  phase 
need  not  be  maintained.  Rather,  the  essential  control  param¬ 
eter  influencing  the  quantum  interference  effect  is  the  rela¬ 
tive  frequency  of  the  two  lasers.  This  scenario,  which  bears 
some  relationship  to  studies  of  laser-induced  continuum 
structure^’^®  and  laser-induced  transparancy,^^  is  shown  to  al¬ 
low  for  extensive  control  over  the  probability  of  dissociation 
as  a  function  of  translational  energy  (channel-specific  line 
shape)  as  well  as  the  total  yield  of  a  given  product. 

The  proposed  control  scenario  is  straightforward:  an  in¬ 
tense  laser  of  frequency  excites  a  molecule  from  an  ini¬ 
tially  populated  bound  state  |6/)  to  a  continuum  \€,m,q~) 
(where  m  specifies  the  product  quantum  numbers  and  q  la¬ 
bels  the  product  arrangement  channel)  while  a  second  laser 
0)2  simultaneously  couples  initially  unpopulated  bound  states 
|6y)  to  the  same  continuum.  With  both  lasers  on,  dissociation 
to  |6,m,^“)  occurs  via  direct  and  indirect  dissociation  path¬ 
ways,  the  two  lowest  orders  of  which  are  |6,)— 
and  1 6;)  — >  I  £ '  ,m '  1 6y)  I  £,m,^ “ ) .  Contributions 


‘^Permanent  address:  Chemical  Physics  Department,  Weizmann  Institute  of 
Science,  Rehovot,  Israel. 


from  these  pathways  to  the  product  in  a  given  channel  q  at 
energy  £  interfere  (either  constructively  or  destructively) 
with  one  another.  Varying  the  frequencies  and  intensities  of 
the  lasers  alters  the  interference  and  hence  the  dissociation 
line  shape  and  the  yield  of  product  into  a  given  channel. 
This  paper  is  organized  as  follows.  We  develop,  in  Sec. 

II,  a  molecular  photodissociation  theory  for  molecules  in  in¬ 
tense  laser  fields.  The  proposed  control  scenario  emerges  by 
applying  this  theory  to  excitation  with  two  laser  fields,  char¬ 
acterized  as  described  in  Sec.  II B.  Results  of  computations 
examining  the  extent  of  possible  control  are  provided  in  Sec. 

III,  where  we  demonstrate  extensive  control  over  the  branch¬ 
ing  ratio  into  Na(35)+Na(3/7)  vs  Na(3.s)+Na(45).  Indeed 
the  absolute  controlled  yield  is  extensive  as  well,  since  the 
cw  fields  induce  virtually  100%  dissociation.  Section  IV  con¬ 
tains  a  brief  summary.  Preliminary  results  on  this  scenario 
have  been  reported  elsewhere. 

11.  MOLECULE-INTENSE  LASER  INTERACTION 
A.  Photodissociation 

Consider  first  a  molecular  photodissociation  theory  for 
intense  radiation  fields.  The  total  system  Hamiltonian  H  is 
the  sum  of  the  molecular  part  ,  radiation  part  ,  and  the 
interaction  between  them  V 

(1) 

The  Hamiltonian  of  an  isolated  molecule  AB  can  be 
conveniently  written  as  the  sum  of  the  nuclear  kinetic  terms, 
i^(R)  and  ^(r),  and  the  electronic  term  /fci(q|R,r), 

Hi^=Km  +  k{T)  +  Hd(l\^,T),  (2) 

where  R  is  the  displacement  vector  between  A  and  B,  r  are 
the  remaining  nuclear  coordinates,  and  q  denotes  the  collec¬ 
tion  of  all  electronic  coordinates.  As  the  molecule  dissociates 
(R=|Rl— >«),  approaches  its  asymptotic  form  while 

//e,(q|R,r)  approaches  /ie,(q,r), 

lim  =  (3) 
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H;,=K(R)  +  [k{r)  +  h,Ml  (4) 

where  the  term  in  the  brackets  in  the  right-hand  side  of  Eq. 
(4)  is  the  Hamiltonian  of  the  separated  fragments  A  and  B, 
Photodissociation  occurs  as  a  transition  from  a  molecu¬ 
lar  bound  state  ]£^)  to  dissociating  eigenstates  |6,m,^“)  in 
the  presence  of  radiation  fields.  Here  and  are 

eigenstates  of  with  discrete  energy  and  continuous 


energy  e,  respectively.  That  is, 

=  €\e,m,q^).  (6) 

The  properties  of  the  eigenstates  imply  that 

(£^|6,ni,(7")  =  0,  (7) 

{e‘ ,m\q' ~\€,m,q~)  =  Sie'  -  e)  .  (8) 


The  minus  sign  on  q  denotes  the  incoming  boundary  condi¬ 
tion  that  at  large  t  the  states  tx^{-ietlfi)\e,m,q~)  approach 
well-defined  states  exp{-  i€t/h)\e,m,q),  where  |6,m,^)  are 
eigenstates  of  the  asymptotic  Hamiltonian 

=  '  (9) 

The  quantity  m,  being  good  quantum  numbers  of 
specify,  in  conjunction  with  the  energy  e  and  the  an*ange- 
ment  channel  label  q,  the  states  \€,m,q)  of  the  fragment  prod¬ 
ucts.  In  the  case  of  diatomic  photodissociation  the  quantum 
number  m  refers  to  scattering  angles  k. 

The  presence  of  radiation  is  conveniently  described  by 
the  eigenstates  of 

=  £v;^|A^jr.)  with  energy  The  letters  k=i 

and  /  will  be  used  to  label  the  initial  and  final  states,  respec¬ 
tively.  The  eigenstates  of  +  are  the  direct  prod¬ 

uct  of  the  molecular  and  photon  states;  e.g., 
|(6,m,(?''),A^y-)=le,m,^“)|/7y).  The  molecule-radiation  inter¬ 
action  V  can  be  expressed  in  the  dipole  approximation  as 

y=-/£-^,  (10) 

I 

w'here  /x  is  the  electiic  dipole  operator,  ei—{l7ThcDilL^)^^^, 
6/  and  Ci)i  are  the  polarization  vector  and  angular  frequency 
of  mode  /,  respectively,  and  a/,  a\  are  annihilation  and  cre¬ 
ation  operators. 

The  dynamics  of  photodissociation  is  completely 
embodied^^  in  the  fully  interacting  state  of 

the  total  Hamiltonian  //, 

//i(6,ni,^“),A^^>  =  (e+£;^^)|(e,m,<j~),A^;^),  (11) 


+  ((f,in,?-),Af;.|yG(e+  +  £Ar,).  (12) 

where  G{E)  =  \I{E-H)  is  the  resolvent  operator,  and  e* 
denotes  e+iS  with  at  tlie  end  of  the  calculations.  If 

the  system  is  initially  in  le,-,yV,)  =  |e/)|Af,)  and  the  radiation 
field  is  switched  on  suddenly  then  the  photodissociation  am¬ 
plitude  to  fomi  the  product  state  |e,m,9“)|A(^)  is  given  by’^ 
{{e,m,q~),NJ\e;,N;).  Since  ((e,m,^~),A^/ie;,A^;>  =  0  then 
this  overlap  assumes  the  convenient  form 

{{e,m,q~),N]\€i,N) 

=((6,m,?-),/^/|yG(r  +  £;,p|e,-,A^,-),  (13) 

through  use  of  Eq.  (12). 

Two  quantities  are  of  interest:  the  channel-specific  line 
shape  A{e,q,N j\ei,Ni),  i.e.,  the  probability  of  dissociation 
into  channel  q  with  energy  £, 

A(e,?,A^/|e,-,N,-)  =  J  dk\{{6Xq-),NJ\€!,N)\\  (14) 
and  the  total  dissociation  probability  to  channel  q 

•P(9)  =  2  [  de  A(£,q,N/l£!,Ni'),  (15) 

where  the  sum  is  over  sets  of  photons  that  lift  the  molecule 
above  the  dissociation  continua.  [In  writing  Eq.  (14)  di¬ 
atomic  dissociation  is  assumed,  so  that  m=k.]  Equation  (13) 
is  an  exact  expression  which  provides  a  connection  between 
the  dissociation  amplitude  and  the  VG  matrix  element.  It  is 
the  latter  which  we  compute  exactly  using  a  high  field  ex¬ 
tension  of  the  artificial  channel  method,^^’^^  as  described 
later  below. 

We  first  examine  the  general  structure  of  the  photodisso¬ 
ciation  amplitude  ((£,m,<7"'),//yl  VG(E'^)|ey  ,A^/)  (E”^ 

=  +  To  this  end,  we  introduce  the  projection  opera¬ 

tors  P  and  Q 

£  =  2  X  J  l(e.m,9~),A^i)<(e.ni,^"),A^i.|,  (16) 

Q  =  2  lejMj)(ej,Njl,  (17) 

J 

which  project  out  continuous  and  bound  parts  of  eigenstates 
of  Hq  [Eq.  (1)],  respectively.  Note  that  with  P,Q  thus  de¬ 
fined,  the  photodissociation  amplitude  is  also  given  by 

<(e,m,?-),A^^iyG(£-)|e,-,;^,) 

=  {{£,m,q-),Nf\PVG{E*)Q\€i,Ni).  (18) 

Consider  then  the  operator  PVGQ: 


where  the  minus  superscript  on  indicates  that  when  the  PVGQ  PV{Q  +  P)GQ  PVQGQ  +  PVPGQ.  (19) 

radiative  imeraction  V  is  switched  off,  the  state  The  operators  QGQ  and  PGQ  can  be  expressed”  as 
|(e,m,(7“),A^i )  becomes  the  noninteracting  state 

\(e,m,q~),Nt).  The  fully  interacting  state  \{e,m,q~),Nt)  sat-  _ Q _  /20) 

isfies  the  Lippmann-Schwinger  equation^"^  —  QHoQ’-QR{E'^)Q* 
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It  is  convenient  to  separate  the  operator  QRQ  in  the  denomi- 


PG{E*)Q—  p_pyp  yQG{E*)Q,  (21)  nator  of  Eq.  (23)  into  diagonal  and  off-diagonal  parts 


where  R{E*),  the  level-shift  operator,  is  given  by'’ 

Substituting  Eqs.  (20)  and  (21)  into  Eq.  (19)  yields 
PVG{E*)Q  =  PR{E")QGQ 


PR^E)Qe^_qH^q-qr<^E*)Q 


QRQ  =  ^  QjRQj+1.  'QjRQj', 


where  Qj=\€j,Nj){€j,Nj\  and  where  the  prime  on  the 
double  summation  indicates  jrj'.  Using  Eq.  (24)  and  the 
operator  identity 

I  I  I  ^ 

A-B~  A-B' 


(23)  we  rewrite 


-  QHoQ -QR(E^)Q  E^- QHqQ  -  2jQjR{E^)Qj 


^£^-(2//o2-2;2,/?(£^)2y  {^,  E^-QH,Q-QR{E^)Q- 


By  iteration,  Eq.  (26)  can  be  expanded  as 


E^-QHqQ-QR{E^)Q  E^-QHoQ-2jQjRiE-)Qj  E* -QHoQ-^jQjRiE^)Qj 


X  'QjRiE^)Qj' 


"(2  £>-eH,e-z,e,i;(r)a,(2  — 


E*-QHaQ-J.jQjR(,E*)Qj- 

We  can  evaluate  the  matrix  element  of  Eq.  (23),  using  Eq.  (27),  since  the  operator  l/[E*  —  QHQQ  —  'S,jQjR(E'*')Qj]  is 
diagonal  in  Q  subspace.  The  resulting  photodissociation  amplitude  can  be  written  as  the  sum  of  the  terms 


{(6,m,^-),Af^|  VG(E^)\et  ,Ni)  =  ,iE^)  ^  [  ((e,m,^-),A^^|/?(£^)|  t,-  ,Af,) 

„  {{s,m,q-),Ny\R(E^)\€j,Nj){ej,Nj\R{E*)\€!,N!) 


+  2 


[E-^-e-E^-RjjiE^)] 

,  ((6,m,g-),A7|i?(£^)|e;.,Af^,)(g;.,/^,-,|£(£^)|e,-.A^;)(e,-,A^;|/?(£-^)|e,,A^,-) 
[E^-ej,-E^.-Rj,j.(^E*)][E^-€j-Ei,-Rjj{E^)] 


where  E*  =  +  Eup  We  have  written  out  three  groups  of 
terms  explicitly,  which  give  insight  into  the  photodissocia¬ 
tion  process,  but  we  emphasize  that  the  numerical  method 
utilized  below  allows  us  to  compute 
((e,m,^"),/7yl VG{,E^)\ e, ,A^,)  directly. 

Equation  (28)  is  completely  general.  It  may  be  simpli¬ 
fied,  under  the  conditions  of  this  paper,  by  noting  that  the 
incident  radiation  is  such  that  it  only  effectively  couples 


states  in  the  Q  space  to  those  in  the  P  space.  Under  these 
circumstances  QVQ  —  PVP  =  Q  and 

((e,m,^"),7/^|i?(E+)|e,.,Af,)  =  ((e,m,^"),7Vy|V|e,-,A^;). 

(29) 

The  other  matrix  elements  of  R  in  Eq.  (28)  assume  the  fol¬ 
lowing  formsr'the  diagonal  elements  Rjj  of  R{E^)  in  the  Q 
subspace  given  by 
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=  A/£)-jr;(£)/  (31) 

where,  by  taking  we  have 

A;(£)  =  (  6j  ,A^;1  V  y\ (^-^ 

r/£)  =  2  -» { £j  ,Nj\  VP5{E-  PH  P)PV\  Sj  ,Nj) ,  (3o) 

which  are  the  field-induced  shift  and  broadening,  respec¬ 
tively  In  Eq.  (32),  denotes  the  principle  part  of  the  inte¬ 
gration.  Equation  (28)  also  involves  the  off-diagonal  ele- 
ments  Rjj{E^) 

{ej,Nj\R{E^)\ei^’i)  =  {ej^^j\^  E^-PHP 

(34) 

which  describes  Raman-type  coupling  between  two  bound 
states,  via  the  continuum. 

The  photodissociation  amplitude  in  Eq.  (28)  is  therefoie 
seen  to  be  comprised  of  transitions  from  the  initial  state 
I  -Hi)  to  the  dissociation  continuum  l(e.m,5  ) , Ny)  via  vari¬ 
ous  'dissociation  pathways:  \{€,n\q  ),A^/)<-k/.'’^/)- 

),N')^\ei,Ni),  etc. 

The  interference  between  these  pathways,  which  can  be  con¬ 
structive  or  destructive,  leads  to  the  possibility  of  controlling 
molecular  photodissociation  by  varying  the  laser  parameters, 
as  discussed  below. 

To  aain  further  insight  into  Eq.  (28)  we  consider  some 
specific'applications.  The  simplest  case  is  weak  field  single 
photon  dissociation  in  which  only  the  first  term  on  the  right- 
hand  side  of  Eq.  (28)  need  be  considered.  If  n ,  and  Ui  are 


the  photon  number  and  frequency  of  the  excitation  laser,  re¬ 
spectively,  then  liV,)  =  l/ii),  |A^/)  =  I'ti“  1)> 

£+  =  g+  +  (,2,-l)fta),.  The  photodissociation  amplitude 

becomes 

l\yG{E  ’  r) 

_  ((g,m,^~).ni-l|V|e,-,ni)  ^ 

~  A,+iT,/2 

where  the  shift  and  broadening  of  the  initial  state  are  given 
by 

m,q 

r,  =  2-irX  J  iffK(f.ni,^"),/7i-llVig,-,ni)l' 

m,^ 

X5(g,-t-ficui-e),  (3”^) 

as  in  the  weak  field  perturbation  theoiy.  The  resultant  expres¬ 
sion,  Eq.  (35)  is  the  same  as  that  obtained  by  applying  Fano’s 
configuration  interaction  theory  (Ref.  18)  in  conjunction  with 
the  isolated  resonance  approximation  (i.e.,  the  assumption 
that  only  one  bound  state  is  dissociated)  and  the  neglect  of 

free-free  transitions.  •  •  •  i 

For  intense  fields  the  power  broadening  of  the  initial 
bound  state  can  become  comparable  to,  or  larger  than,  the 
spacing  between  the  bound  states,  and  the  isolamd  resonance 
approximation  is  no  longer  valid.  Under  these  circumstances, 
the  contribution  from  the  neighboring  states,  which  are  ini¬ 
tially  devoid  of  population,  should  be  included  via  the  sec¬ 
ond  group  terms  in  Eq.  (28).  The  photodissociation  ampli- 
tude  becomes 


r  _  ^ _ ' 

=  ((g,m,?~),7ii-l|Ulg,-,/!i)  +  ^  6+-e,-/'Ky,-A,-t-/r//2 


^  g"*"  —  g,  — — A,-biT,/2  ’ 

.here  we  have  used  £-e+(«,  -  I )«»,  •  Here  {e„«,|«(en|e, ,»,)  is  given  by  Eq.  (34)  with  and 


the  leading  term  is 


(g,,;i,lR(g")le,-.ni)  =  2  ^ 


^  (g;,/ii|V|(g',m,<7  ),7ii- l)((g'.iti.^  )s”i 


describing  the  coupling  between  jg,)  and  [g;)  via  absorption 
and  emission.  Practically,  only  those  jg,)  such  that 
£,-]<r,-  contribute  in  Eq.  (38).  The  two  dissociation 

pathways  in  Eq.  (38),  1(6, in, ^  ),»!“ 

l(g,m,g"),n,-l)'^|g,,/ii)H(e',«n'.-?'").«i-l)*^k.s'M>. 
terminate  in  the  same  dissociation  continuum  and  interfere. 
The  resultant  line  shape  [Eq.  (14)]  should  demonstrate  a  se¬ 


ries  of  peaks  at  g=g/,(A= /,/,...)  + ft  and  a  series  of  dips 
where  the  two  paths  destructively  interfere  with  one  anothen 
This  structure  is  the  molecular  analog  of  Fano-interference, 
and,  as  shown  below,  is  observed  in  our  numerical  study. 

B.  Control  of  photodissociation  cross  sections 

Consider  now  the  effect  of  applying  two  cw  laser  fields, 
of  frequency  w,  and  o),  and  photon  numbers  n,  and 
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722  =  molecule-radiation  interaction  V 

is  given  by  the  sum  of  the  perturbations  due  to  each  of  the 
laser  fields 

+  (40) 

where  and  ^2  electric  field  vectors  associated  with 

coi  and  a;2.  The  laser  of  frequency  Wj  excites  the  molecule 
from  the  je,-)  to  the  dissociative  continuum  |e,m,^'')  while 
the  second  laser  073  simultaneously  couples  the  continuum  to 
bound  states  that  are  initially  devoid  of  population.  La¬ 
ser  frequencies  are  chosen  such  that  6,--f  0)3. 

Under  these  circumstances  'ey)  can  be  populated  by  stimu¬ 


lated  emission  from  the  continuum.  As  shown  below,  with 
these  frequencies  there  are  three  predominant  routes  to  dis¬ 
sociation  leading  to  three  different  energy  regimes;  (i)  disso¬ 
ciation  of  the  initial  |6^)  state  by  0)2  to  energy  + 

(ii)  dissociation  of  |6y)  by  cu;  to  energy  e^€j-^ficoi,  and 

(iii)  the  dissociation  of  |6/)  by  cu]  and  of  |6y)  by  073,  both  to 

energy  €j+fici)2  -  The  third  route  involves  two 

interfering  pathways  while  the  other  two,  termed  satellite 
contributions,  do  not.  This  interference  is  the  key  to  the  con¬ 
trol  scenario  discussed  below.  For  the  third  route,  the  leading 
terms  in  the  dissociation  amplitude  at  e=«6^*+/icuj  are 


,723!  VG(£'^)|e/,72i  ,723)  =  ^H-Z7, 

27=1  ((e,nM-),;2,-lH/,|e,.,;2,)+  ^  - ,,-hco^-R, ,  , 

n^i)  I  I  1,1  I 


I  -  €!-h(Oi—Rij 


,  (41) 


^  {€*-e—h(D2-Rj,j){e^-ei-fi(Oi-Rij) 

;(#i)  J 

where  (e,,7!||7?,(6'^)|e,-,/ii)  is  given  by  Eq.  (39)  with  V  replaced  by  V'j,  and 

,  (gy,7i:+  l|l/2[(6',ni,g~),77,)((c',tn,?~),7ii-  l|Vi|e,-,7?i) 


(ey,7il-  l,/!2+l|7?(e'  )|e,-,/7,,/!2>  =  2  j 

m,<7 


cle' 


(42) 


Note  that  wc  have  used  Zr=c-r(/2|—  l  )/i  coin-/i2^icj2  in  Eq. 
(28)  to  obtain  Eq.  (41). 

The  renn  a  in  Eq.  (41)  results  from  the  direct  dissocia¬ 
tion  path  induced  by  coj  [path  (a)],  including 

the  contribution  for  neighboring  state  \  €j).  Term  b  describes 
the  indirect  dissociation  path  |6y)— “) 
— ^|6y)^|e.m/y“)  induced  by  cuj  plus  073  [path  (b)].  The  cou¬ 
pling  between  |6,*)  and  |ey)  in  Eq.  (42)  results  from  absorp¬ 
tion  of  one  07}  photon  and  stimulated  emission  of  an  073  pho¬ 
ton.  This  results  in  additional  peaks  in  the  line  shape  at 
6— ey-!-a73  and  additional  minima  at  points  where  term  a 
cancels  term  Z?.  It  is  important  to  note  that  the  relative  sign  of 
the  two  groups  of  terms  depends  on  laser  frequency,  resulting 
in  a  .sensitivity  of  the  line  shape  to  frequency. 

The  above  results  are  readily  understood  from  an  alter¬ 
nate  perspective,  the  dressed-molecule  representation.  From 
this  viewpoint,  the  multiple  bound  states  of  the  bound  elec¬ 
tronic  manifold  are  embedded  in  the  continuum  by  the  lasers 
a7j  and  073,  and  dissociate.  Only  those  bound  states  which 
effectively  overlap  with  the  1^/) [72 1)1/23)  dressed  states  con¬ 
tribute  significantly.  The  resulting  dissociation  line  shape 
therefore  displays  a  series  of  peaks  and  dips,  reflecting  the 
interference  pattern  from  the  multiple  dissociation  pathways. 

The  interference  term  arising  from  squaring  Eq.  (41), 
and  hence  control,  is  in  principle  a  function  of  the  relative 
phase  of  the  two  contributing  terms.  Consider  then  the  con¬ 
tribution  of  the  relative  phase  of  pathway  (a)  and  (b)  to  con¬ 
trol.  We  rely,  for  this  argument,  on  Eq.  (41)  but  a  proper 
model  based  on  coherent  states'^  gives  the  same  result.  If  61 


denotes  the  phase  of  the  field  of  frequency  (including  the 
spatial  phases  k^-r  and  k2*r)  then  pathway  (a)  imparts  the 
laser  phase^^  9^  to  the  molecule.  Similarly  the  phase  im¬ 
parted  in  the  pathway  (b)  is  ^1-^3-}- ^3=^1  .  As  a  result  the 
relative  phase  of  the  two  paths  is  independent  of  the  laser 
phases,  a  consequence  of  the  internal  cancellation  of  the  62 
phase  when  0/3  photons  are  emitted  and  absorbed.  The  result¬ 
ant  control  scenario  is  therefore  expected  to  be  insensitive  to 
the  phase  jitter  or  drift  of  either  laser.  Hence,  although  there 
are  multiple  interfering  pathways  to  dissociation  in  this  sce¬ 
nario,  variation  of  the  laser  phases  can  no  longer  be  used  as 
a  parameter  to  control  dissociation  yields.  However,  as 
shown  below,  highly  efficient  yield  control  results  through 
variation  of  the  frequencies  cuj  and  073. 

C.  Computational  method 

From  the  computational  viewpoint,  it  is  greatly  advanta- 
geous  to  compute  ((6,m,^"'),/7^| VG(E‘^)|e/,AZ/)  [Eq.  (28)] 
directly,  rather  than  many  terms  in  the  expansion  on  the 
right-hand  side  of  Eq.  (28).  The  direct  computations  are  done 
with  the  artificial  channel  method,  as  described  below;  This 
method^ ^  rewrites  the  photodissociation  process  as  a  full  col¬ 
lision  problem  by  introducing  an  artificial  open  channel 
which  couples  to  the  initial  physical  bound  manifold.  As  a 
result  the  artificial  channel  serves  as  an  incoming  channel  of 
an  artificial  full  collision  problem,  and  the  physical  continua 
serve  as  outgoing  channels.  The  resultant  problem  is  then 
amenable  to  treatment  by  full  collision  problem  techniques, 
from  which  photodissociation  probability  can  be  obtained. 
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This  method  has  been  applied,  for  example,  single  and 
multiphoton  dissociation  problems  using  single  art^cial 
channel  configurations,'^  and  high  field  photodissoc.at.on 
problems  using  two  artificial  channel  configurations.  Here 
vve  show  that  using  a  two  artificial  channel  arrangement  al¬ 
lows  us  to  compute  the  photodissociation  amplitude 
(fem,p"),A^rlVGle;..W,-)  directly. 

To  this  end,  we  multiply  both  sides  of  the  equation 
G  =  Go+GVGo  (Ref.  17)  by  V.  yielding 

VG  =  VGo+VGVGo, 

where  Go=  l/(£-7^o)-  Using  Eq.  (43),  we  rewrite  the  tran¬ 
sition  operator  T=V+VGV  as 

r(£)  =  V+  VGo(£)  Vrf-  VG(£)  VGoiE)V.  (44) 

We  now  introduce  two  artificial  states,  an  open  channel  \A) 
and  a  closed  channel  lej)  where  the  tilde  denotes  the  artifi¬ 
cial  character  of  the  states.  The  physical  system  plus  the  two 
artificial  channels  now  comprise  a  full  collision  problem,  in 
which  the  incoming  flux  flows  from  the  artificial  open  chan¬ 
nel  to  the  physical  continua.  The  dressed  state  1A,/V,)  is  as¬ 


sumed  to  weakly  couple  to  the  li,  Mi)  by  an  artificial  inter¬ 
action 

bound  manifold  \€„Ni)  by  another  artificial  coupling 
{et  The  be  regarded  as  com¬ 

ponents  of  the  interaction  V  that  connect  \A,Ni)  to 
and  If* ,Ni)  to  jet  ,iV;)  but  which  do  not  affect  the  couplings 
between  the  physical  states.  Further,  to  avoid  any  disturbance 
to  1&,)  and  l^i)  due  to  the  introduction  of  the  artificial  inter¬ 
actions,  the  reverse  coupling  elements  {A,Ni\Wj€i,  Mi)  and 
(€bMWb\^b>^i)  computation.  All 

couplings  between  the  physical  sutes  are  included  in  *e 
computations,  including  absorption  and  stimulated  emission 
processes  induced  by  the  intense  lasers  between  bound-free 
and  free-free  manifolds. 

We  now  show  that  the  computation  of  T-matrix  element 
between  «e,m,,-).'''/l  ="<i 

pholodissociation  amplitude  of  interest.  Consider  the  ma  nx 
element  <(e,m,,-).W;IHA.W,>.  from  Eq.  (44)  The  fir_st  two 
terms  in  the  right-hand  side  are  zero  because  l(e,m,^  )Mf) 
does  not  directly  couple  to  the  artificial  states  \A,Ni)  and 
lie  N).  The  third  term  in  Eq.  (44)  can  be  rewritten,  given 
that  V  couples  the  \A,Ni)  to  1^6  .A'/)  and  to 

only,  as 


a£.m.p~).AtrlVG(£)lci,.i^,)(gbrAt,llTi,|g&.A^,)(gi.rAt,-|W.|ArAf^ 


E-ib-Eb 


,et  IV,  to  be  unit,  and  It.)  tobe  a  4«Py  of- ^>^0  '£>d““roZX“ 

mv^:.irs-s:stft  ^reiee^or  s;^:e.”E=rr=^^  “ 

{{€,m,q  ),A;lVG(£'^  +  £Mp|gfcrA^.)(^t'’77-l^°l^’'^'^  (46) 

{{€,Tn,q~)Mf\E{£*^ E^T^)\A,Ni)~^  e*  +  Eiq^~'  ^b~Ef]~ci 


Equation  (46)  has  the  same  structure  as  that  in  which  one 
uses  one  artificial  channel,'^  so  that  the  previous  computa¬ 
tional  techniques  are  applicable  with  minor  modifications. 
Specifically,  by  computing  the  residues  of  the  I-matrix  ele¬ 
ment  at  s=e;AEN+a-EN^,  we  obtain  ((e,m,?  ), 
At^|yG(e"  +  £A')lg/-A^/)  energy,  which  is  the  de¬ 

sired  photodissociation  amplitude.  Varying  a  gives  the  pho¬ 
todissociation  amplitude  and  the  line  shape  at  various  energy 
e  for  given  photon  energies  and  coupling  strength.  The  total 
dissociation  yield  is  obtained  from  Eq.  (15). 

111.  CONTROL  OF  PHOTODISSOCIATION  LINE 
SHAPES 

As  an  example  of  this  approach  we  consider  high  field 
dissociation  of  Naj  which  produces  Na(3s)  -l-Na(45)  and 
Na(3s)+Na(3p),  where  excitation  is  out  of  a  previously 
populated  level  of  the  state  (Fig.  1).  The  relevant  elec¬ 
tronic  potentials  and  dipole  transition  functions  are  taken 
from  Ref.  19. 


Consider  first  dissociation  with  a  single  cw  laser  of  fre¬ 
quency  a),.  Atypical  dissociation  line  shape  is  shown  m  Fig. 

2  Here  the  initial  state  |e,)  is  chosen  with  vibrational  quan¬ 
tum  number  t;,=  18  and  rotational  quantum  number  7-0 
(e^  ^ig= -6662.9  cm"')  in  the  ^n„  excited  electronic 

state.  The  laser,  with  0),= 15  617  cm  ‘  and  intensity 
I  =8.7X10’  W/cm^  is  sufficiently  energetic  to  dissociate 
levels  of  the  ^II,,  state  with  u  ^  1 8  to  both  Na(35)  +Na(3p) 
and  Na(3j)+Na(4^)  products.  Under  these  circumstances 
above  threshold  dissociation  is  negligible,  as  is  the  dissocia¬ 
tion  through  the  1  electronic  state  (the  dashed  line  in 
Fig.  1).  Figure  2  shows  computed  line  shapes 
A( e,<?,n  1  -  1 1  e,-  ,n  i)  (on  a  logarithmic  scale)  as  a  functioii  of 
the  product  translational  energy  e.  Results  for  the  Na(3p) 
-l-Na(3s)  [curve  (a)]  and  Na(45)-I-Na(3s)  [curve  (b)]  prod¬ 
uct  channels  are  shown,  where  the  computation  only  includes 
the  rotational  states  7=1  of  the  2  and  eleictronic 
states.  (The  inclusion  of  additional  rotational  states  is  dis¬ 
cussed  below.)  Line  shapes  for  both  products  are  seen  to  be 
similar  in  structure,  showing  a  series  of  non-Lorentzian 
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FIG.  1,  Relevant  potential  energy  cun-es  of  Na^  included  in  the  computa¬ 
tion.  Two  lasers,  of  frequencies  ojj  and  cu,.  couple  the  dissociation  continua 
to  the  bound  stales  jf,}  and  |6y)  in  the  •''n,,  state,  where  the  l^,-)  is  initially 
populated  and  the  initially  unpopulated.  Here  \  =  -  0^2)+  €j . 

peaks  and  dips  corresponding  to  resonance  contributions 
from  various  v  states.  The  predominant  contribution  is  the 
direct  t;/=18  dissociation  (at  6=8975  cm’^),  with  smaller 
contributions  from  the  initially  empty  1;=  19,20,21  states, 
which  are  populated  by  stimulated  emission  from  the  con¬ 
tinua  and  are  subsequently  dissociated.  The  overall  shape 
between  the  peaks  shows  Fano-type  interferences^®  between 
the  photodissociation  pathways  arising  from  the  pairs  of  ad¬ 
jacent  vibrational  states.  AH  of  the  features  observed  in  Fig. 
2  are  consistent  with  an  analysis  based  on  Eq.  (38), 

Including  rotations  complicates  the  structure  of  the  line 
shape.  Figure  3,  for  example,  shows  A(6,ry,/2  j  —  1  |6,*,72j)  for 
the  Na(3.9)  +  Na(3p)  product,  where  we  include  rotational 
couplings  among  /=0,2,4  of  the  state,  and  J=  1,3,5 


FIG.  2.  log  -- 1  If; ,;ti)  vs  e  for  photodissociaiion  with  a  single 

excitation  laser  of  frequency  wj .  (a)  Na(3i) +Na(3/j)  product  and  (b) 
Na(3j‘)+Na(45)  product.  Here  a)j  =  15  617  cm"*,  /i  =  8.7X10’  W/cml 
The  initial  molecular  state  i.s  I  8,  7  =  0  of  the  state  and  the  Na(3,T) 
+  Na(3/7)  asymptote  defines  the  zero  of  energy  f  throughout  this  paper. 


FIG.  3.  log>t(e,^,/Zi“  l|e/,/ij)  vs  f  for  the  Na(35)+Na(3p)  product,  in¬ 
cluding  rotational  coupling.  For  products  dissociating  with  (a)  7=  1  and  (b) 
7  =  3  in  the  *'11^  electronic  state  (cu,  =  15  617  cm“‘  and  /}  =  8.7X10’ 
W/cm‘). 


of  the  2  and  states,  with  laser  frequencies  and  in¬ 
tensities  as  in  Fig.  2.  Specifically,  the  initially  populated 
J=0  and  empty  /=2,4,  1;=  18  states  of  the  couple  to 
the  y=  1,3,5  states  of  the  2  and  ,  producing  three 
peaks  in  the  line  shapes.  Curves  (a)  and  (b)  show  line  shapes 
for  the  products  dissociated  from  the  /=  1  and  3  states  of  the 
state,  respectively.  The  7=5  probability  has  a  similar 
structure  but  is  small  and  is  not  shown  here.  Similar  results 
are  shown  in  Fig.  4,  but  for  the  other  product,  Na(45) 
+Na(3.y),  dissociating  from  the  7=  1  and  7=3  components 
of  the  2  ^2^  state.  The  single  peaks  in  Fig.  2  are  seen  to  be 
replaced  by  a  triple-peak  structure,  corresponding  to  the  con¬ 
tributions  from  the  rotational  states.  Of  note  is  that  the  spac¬ 
ing  between  pairs  of  rotational  peaks  in  Figs.  3  and  4  is  about 
ten  times  larger  than  the  corresponding  zero-field  rotational 
spacings.  This  increased  rotational  spacing  is  due  to  the  shift¬ 
ing  and  broadening  of  the  bound  rotational  stales  that  are 
coupled  to  one  another  via  the  continuum.  In  Fig,  5  we  show 
the  same  line  shapes  as  in  Fig.  3,  but  with  the  intensity  /j 
reduced  to  3.16X10^  W/cm^  Spacings  between  the  rota- 


FIG.  4.  As  in  Fig.  3,  but  for  ihc  Na(35)  +  Na(45)  product  dissociated  out  of 
the  2  state.  For  product  dissociating  with  (a)  7=  1  and  (b)  7  =  3. 
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FIG-  5.  As  in  Fig.  3,  but  with  the  laser  intensity  reduced  to  /  j  -  3. 1 6 X  1 0^ 

tional  peaks  are  reduced,  consistent  with  this  power  broad¬ 
ening  perspective. 

We  now  consider  the  effect  of  a  second  laser  0J2,  which 
embeds  initially  empty  states  le^)  into  the  continuum  (see 
Fig.  1)."°  Only  those  \€j)  that  are  located  around 
are  effectively  excited  and  dissociated.  Fig¬ 
ures  6  and  7  show  log/4(e,(7,iVyl£,-,A^,-)  as  a  function  of  6  for 
products  Na(3/;)+Na(35)  and  Na(4j)+Na(35),  for  various 
(Dy  and  with  the  same  oji- 

1,722),  cui  =  15  617  cm“‘;  in  Fig.  7  cui  =  15  683 
cm’^  The  cuj  laser  is  sufficiently  energetic  to  dissociate 
L;^Uy=  18  states  of  the  ■'Hy,  and  the  0^2 
cm"^  /2  =  3.51X  10‘°  W/cm“)  can  dissociate  levels  u^26 
of  the  to  both  products.  At  this  1 2  intensity,  and  with  the 
known  dipole  moment  between  the  and  the  2  the 
Rabi  frequency is  499  cm  \  much  larger  than  the  vibra¬ 
tional  spacing  of  135  cm"*^  in  the  neighborhood  of  1;/  =  1  8. 
To  expose  the  essential  physics  only  J  =  0  of  the  bound 
manifold  and  7  =  1  of  the  continua  are  included  in  the  com- 


nC.  6.  log  ^iih  iwo  lasers  on.  (a)  Na(35) 

-l-Na(3p)  produci  and  (b)  Na(35)+Na(45)  product.  Here  a>j  =  15  617 
em'k  0)2=14591  em'k  /i  =  8.7X  lO’  W/cm^  and  /2=3.5X  10’°  WW, 
and  the  detuning  A  =  /i(o),  —  0)2)  +  fyajs""  =  Initially  the  molecule 
is  in  Uy=  1  8,y  =  0  of  the  slate.  Rotational  and  .satellite  couplings  arc  set 
to  zero. 


FIG.  7.  As  in  Fig,  6,  but  with  o)j  =  15  683  so  that 

A  =  f2(0)j -0)2)+ fy=lS” 

putaiion  and  the  satellite  terms  are  not  included.  Comparing 
Figs.  2  and  6  we  see  that  with  both  co^  and  coi  lasers  on,  each 
peak  in  Fig.  2  is  split  into  two  in  a  way  which  depends  on  the 
asymptotic  channel  [compare  curves  (a)  and  (b)  within  each 
of  Figs.  6  and  7].  There  is  also  a  dependence  on  the  fre¬ 
quency  a)|  (compare  Fig.  6  with  Fig.  7).  This  behavior  is  in 
direct  contrast  to  that  in  the  single  excitation  laser  case  (Fig. 
2)  where  the  line  shapes  are  not  sensitive  to  either  the  prod¬ 
uct  channel  index  q  or  to  the  frequency  cuj.  The  channel 
dependence  in  Figs.  6  and  7,  in  accord  with  Eq.  (41),  results 
from  the  interference  characteristics  of  the  two  dissociation 
pathways  induced  by  cuj  and  ct;2. 

Figures  6  and  7  show  a  series  of  double-peak  structures, 
associated  with  the  dressed  states  i;  =  1 8  and  u  =  26  pair  (the 
first  double  peak),  the  l;  =  19  and  v  —  21  pair  (the  second 
double  peak),  etc.,  of  the  state.  The  oj^  in  Fig.  6  is  such 
that  the  detuning  A  =  7i(a;i“-6U2)+ ^i;  =  i8"*^i;=26 
0,  while  in  Fig.  7,  A  is  greater  than  zero.  As  a  consequence 
the  dominant  peak  (arising  from  the  u  =  1 8  state)  is  located 
on  the  left-hand  side  in  Fig.  6,  and  on  the  right-hand  side  in 
Fig.  7,  of  the  t;  =  26  peak.  The  dip  in  the  middle  of  the  two 
peaks  results  from  destructive  interference  between  the  two 
pathways.  A  similar  situation  applies  for  the  second  and  third 
sets  of  peaks.  Note  that  while  the  locations  of  the  peaks  are 
independent  of  the  channel  index,  the  ratio  of  the  heights  of 
the  peaks  and  the  locations  of  the  dips  strongly  depend  on 
the  laser  frequencies  and  on  the  channel  index  q.  This  being 
the  case,  we  can  control  the  channel  specific  line  shapes 
A(€,q,Nj\€i,Ni)  by  varying  cui.  For  example,  a  comparison 
of  Figs.  6  and  7  shows  that  increasing  CU|  shifts  the  dominant 
peaks  to  higher  e,  with  products  at  e=«9030  cm  ^  strongly 
enhanced  and  products  at  6^8980  cm  ^  suppressed. 

The  line  shapes  can  also  be  changed  by  varying  laser 
intensities;  Fig.  8  shows  one  example.  In  this  case  all  mol¬ 
ecule  and  laser  parameters  are  as  in  Fig.  6,  except  that  the 
intensity  /j  of  the  cuj  laser  is  increased  to  2.24X  10^®  W/cm^. 
Figures  8  and  6  differ  in  peak  strengths  and  peak  separations 
as  a  result  of  the  change  in  coupling  between  the  bound  and 
the  continuum  states. 

In  Figs.  6-8,  rotational  and  satellite  contributions  were 
set  to  zero  to  expose  the  basic  interference  effect.  Including 
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FIG.  8.  As  in  Fig.  6,  but  with  higher  intensity,  /j  =2.24  X  lO’^  W/cml 


rotations  leads  to  additional  peaks  in  the  line  shapes.  We 
discuss  the  effect  of  rotational  contributions  to  the  control  of 
the  total  dissociation  yields  below.  Here  we  focus  on  the 
effect  of  satellite  contributions. 

The  satellite  contributions  are  defined  as  those  which 
cannot  be  controlled.  They  can,  however,  be  minimized  by 
proper  choice  of  the  laser  intensities  and  frequencies.  Figure 
9  shows  an  example  of  the  satellite  contributions  to  the  line 
shape  for  the  same  laser  parameters  as  in  Fig.  6,  save  for  oji 
which  is  set  at  13  964  cm’^  The  results  in  Fig.  9  show  the 
product  emerging  in  three  distinct  £  regions.  The  line  shapes 
on  the  far  right  (10  500<C£<!10  900  cm^^)  correspond  to 
,;z2),  resulting  from  the  dissocia¬ 
tion  of  the  u^Sl  states  by  CU|,  which  produces  Na(3p) 
+Na(35)  [cur\^e  (a)]  and  Na(45)+Na(35)  [curve  (b)].  The 
line  shape  on  the  far  left  (7300<£<7700  cm"^)  shows 
,7^2“  1  ,722),  resulting  from  the  dissociation 

of  18  by  072,  which  is  only  sufficiently  energetic  to 

produce  Na(3p)+Na(3.r)  atoms.  The  line  shape  in  the 
middle,  Aie.qM^  —  l,722|6/,72i  ,722),  which  resembles  that  in 
Fig.  6,  comes  from  interference  contributions,  i.e.,  the  disso- 


FIG.  9.  As  in  Fig.  6,  but  with  ^>2=13  964  cm"*  and  with  the  inclusion  of 
satellite  contributions.  The  far  left  displays  .rjj-  I  [f,-  ./7,  .n.),  the 

middle  -  I  ,/i2|e/ ,/i j  and  the  far  right  A{€,qj^ 

-’2./22+llf/.n,,/72). 


FIG.  10.  P{g)  as  a  function  of  tuj .  In  (a)  and  (b)  both  lasers  are  on,  while 
in  (c)  and  (d)  the  laser  is  off.  (a)  and  (c)  show  the  Na(35)+Na(3p) 
product  whereas  (b)  and  (d)  show  that  Na(3j)+Na(4j)  product.  The  mol¬ 
ecule  is  initially  in  i;y=  18,  7=0  of  the  stale;  rotational  and  satellite 
terms  are  neglected. 

ciation  of  |£/)  by  cuj  plus  that  of  |6y)  by  cd2-  Note  that  while 
the  satellite  contributions  display  the  characteristic  double¬ 
peak  structure,  due  to  the  resonant  coupling  of  the  |  and 
i^y)  via  the  continuum,  they  are  not  channel-dependent 
(compare  the  curves  at  the  far  right  to  those  in  the  middle  of 
Fig.  9).  However,  as  long  as  the  interference  contributions 
substantially  exceed  the  satellite  contributions  we  can  expect 
channel-sensitive  control  over  the  line  shape  by  tuning  the 
laser  frequencies. 

IV.  CONTROL  OF  PHOTODISSOCfATION  BRANCHING 
RATIOS 

Results  in  the  last  section  show  that  two  high  field  lasers 
with  appropriate  frequencies  allow  for  novel  and  effective  q 
dependent  control  o\tr  A{€,q,Nf\ 2).  Hence,  in  ac¬ 
cord  with  Eq.  (15),  control  over  the  yield  into  different  prod¬ 
ucts  q  is  expected.  A  sample  of  our  extensive  computations 
displaying  yield  control  for  various  laser  frequencies  and  in¬ 
tensities  is  provided  below. 

To  demonstrate  the  essence  of  yield  control  we  first  ig¬ 
nore  rotational  effects  and  satellite  contributions.  Figure  10 
shows  the  total  dissociation  probability  P{q)  as  a  function  of 
cui  for  both  the  Na(35’)+Na(3/?)  [curve  (a)]  and  Na(35) 
+Na(45*)  [curve  (b)]  products  for  the  same  parameters  as  in 
Fig.  6.  The  vertical  line  indicates  the  value  of  cuj  at  which 
A(a7j  —  a72)  =  6y=26~  ^i;  =  i8  7=0.  For  comparison  we 

also  plot,  as  curves  (c)  and  (d),  P{q)  for  Na(3^)+Na(3p) 
and  for  Na(35')+Na(4.y)  for  the  case  where  the  02 
shut  off.  In  the  one  laser  case  P{q)  is  seen  to  be  flat  as  is 
varied,  in  contrast  to  the  two  laser  case  where  it  oscillates 
strongly.  The  oscillations  for  the  two  product  probabilities  in 
Fig.  10  are  seen  to  be  out  of  phase,  with  the  sum  of  disso¬ 
ciation  probabilities  being  close  to  0.94.  Thus,  essentially 
total  dissociation  is  obtained,  with  the  ratio  of  the  products 
varying  widely  between  the  two  channels  as  ajj  is  tuned.  For 
example,  the  probabilities  of  producing  Na(3.5)+Na(3p) 
and  Na(3^)+Na(4^)  at  cui  =  I5  670  cm“^  is  10%  and  84%, 
respectively,  but  the  reverse  situation  occurs  at  cui  =  15  775 
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FIG.  11.  As  in  (a)  and  (b)  of  Fig.  10,  but  here  (02  is  tuned  with  w,  =  15  650 
cm"'  fixed. 

cm“^  where  86%  of  product  is  Na(35)+Na(3p).  Thus, 
varying  coj  provides  a  straightforward  method  of  extensive 
control  over  the  branching  ratio  into  final  product  channels. 

Figure  10  shows  two  periods  of  P(q),  with  the  distance 
between  the  peaks  (or  dips)  corresponding  to  the  vibrational 
spacing  between  u  =  26  and  27.  The  origin  of  this  oscillatory 
behavior  is  readily  evident:  as  cuj  increases  by  an  amount 
equal  to  the  vibrational  spacing  with  C02  fixed,  |6/)  couples  to 
the  next  bound  state  leyn-i).  In  essence,  then,  any  of  initially 
empty  bound  states  \  €j)  can  be  used  as  an  intermediary  in  a 
path  which  interferes  with  the  direct  dissociation  from 
This  is  a  convenient  feature  which  gives  the  experimentalist 
a  wide  range  of  possible  choices  of  a?|  and  cu2,  with  no  loss 
of  control. 

Tuning  CO2  and  fixing  cuj  results  in  equally  successful 
control.  In  Fig.  11,  we  show  P(q)  as  a  function  of  where 
aji  =  15  650.4  cm^K  /i  =  8.7X10^  W/cm^  and 
/-,  =  3.51X  W/cm^.  The  molecule  is  initially  in  the 
i;y=18,  y  =  0  state,  and  the  value  of  the  a>i  and  0)2  effec¬ 
tively  couple  the  (7=0)  and  \  e^^=26)  states. 

Once  again  control  is  extensive.  Only  one  period  of  the  os¬ 
cillation  in  P{q)  is  shown;  the  pattern  repeats  for  CO2  larger 
than  14  630  cm“^ 

Changing  the  laser  power  alters  the  linewidths  of  the 
power  broadened  bound  states,  affecting  the  control.  By  re¬ 
ducing  the  laser  power  the  line  widths  narrow  and  |6/)  de¬ 
couples  from  \  ej)  when  the  sum  of  their  line  widths  becomes 
smaller  than  the  detuning  A.  Sample  effects  due  to  intensity 
variation  are  shown  in  Figs.  12  and  13.  Here  a>2  is  fixed  at 
14  591  cm"^  so  as  to  couple  the  t;  =  26,  7  =  0  state  to  the 
initial  u;=  15,7=0  in  the^FI,,  state  when  cui=I6  064  cm“^ 
(Resonant  coupling  occurs  at  the  vertical  line  in  the  figure). 
The  laser  intensities  in  Fig.  12  are  /j  =  8.7X10^, 
72=3.5  X  10^°,  and  /,=  1.4X  10^ /2=  1.4X  10^  in  Fig.  13. 
In  both  cases  the  product  probabilities  oscillate  with  the 
same  period.  However,  the  region  over  which  P(q)  changes 
significantly  at  the  weaker  laser  intensity  is  substantially 
smaller  than  at  the  larger  intensity,  indicating  that  the  width 
of  the  region,  which  measures  the  overlap  of  the  two  reso¬ 
nance  states,  is  at  least  partially  determined  by  the  power 
broadening.  In  the  limit  of  even  weaker  laser  intensities  (not 


FIG.  12.  As  in  (a)  and  (b)  of  Fig,  10,  but  with  ihe  molecule  initially  in 
i;,-=l5,  7  =  0.  (/,  =  S.7X10^  W/cm^  /2=3.5XI0'‘^  W/cm\  and 
^2=  14  591  cm”'.)  The  venical  line  indicates  the  point  of  resonant  coupling 
of  the  two  bound  stales. 

shown  here),  e.g.,  7j=  10^  and  /2=  10^  W/cm\  Piq)  is  es¬ 
sentially  flat  except  in  the  immediate  vicinity  of  frequencies 
which  satisfy  ft(a;i  ~cu2)“ 

Significantly,  additional  computations  show  that  the  re¬ 
sults  in  Figs.  2-13  are  insensitive  to  the  relative  phase  of  the 
CU]  and  cu2  fields,  a  result  which  is  consistent  with  the  theory 
discussed  above.  As  a  consequence,  the  nvo  losers  need  not 
be  phase  coherent  in  order  to  achieve  control.  Any  drift  or 
jitter  in  the  laser  phase  in  a  practical  environment  will  not 
alter  the  outcome  of  the  control  experiment,  simplifying  ex¬ 
perimental  conditions  considerably. 

Consider  now  the  effect  of  including  rotational  states. 
One  expects  two  compensatory  effects.  First,  rotational  con¬ 
tributions  ought  to  broaden  the  line  shapes,  increasing  the 
overlap  between  |  e^)  and  |  €j)  (cf.  Figs.  3  and  4),  enhancing 
control.  Second,  rotational  excitation  introduces  additional 
noninterfering  pathways  which  tend  to  diminish  the  range  of 
control,  especially  when  the  laser  intensities  are  high  and 
rotational  excitation  is  significant.  Figures  14  and  15  do  in¬ 
deed  demonstrate  this  field-dependent  effect.  Figure  14 
shows  P{q)  vs  £Ui  without  [Fig.  14(a)]  and  with  [Fig.  14(b)] 


FIG.  13.  As  in  Fig.  12,  but  wiih  the  laser  intensities  reduced  to 
/ 1  =  1 .4  X  1 0’  W/cm^^  /,  =  1.4  X  1 0^  W/enr. 


J.  Chem.  Phys.,  Vol.  102,  No.  14.  8  April  1995 


Chen.  Shapiro,  and  Brumer:  Interference  control  without  coherence 


5693 


16030  16040  16050  16060  16070  16080  16090  16100  16110 


wj  ( cm’^) 


(crri"*) 


FIG.  14.  P(q)  vs  0),  for  Na(35)-rKa(3;})  (solid  lines)  and  for  Na(35) 
-rNa(45)  Mashed  lines).  Rotational  couplings  are  excluded  in  (a),  and  in¬ 
cluded  in  fbj.  Here,  /  j  =  8.7X  10*,  /2  =  5.6X  lO’  W/cm^  and  the  frequency 
14  491  cm”*  is  fixed.  The  initial  molecular  state  is  v,—  15,  7  =  0  of  the 
■Tl^ .  Satellite  terms  are  neglected. 

rotational  states  (i.e.,  7=  0,2,4  states  of  the  and  the 
7=  1,3,5  states  of  the  and  2  ^2^).  Here  the  laser  fields 
are  relatively  weak  (/j  =  8.7X10^,  72  =  5.6X10^  W/cm^) 
and  rotation  leads  to  a  wrfder  range  of  coj  over  which  control 
is  achieved.  A  higher  intensity  result  is  shown  in  Fig.  15  and 
is  to  be  compared  to  results  without  rotation  in  Fig.  10.  Here 


toj  (cm”^) 


FIG.  15.  As  in  Fig.  14(b),  but  with  ihc  initial  state  in  t;,  =  1  8, 7  =  0  and  wiih 
higher  la.scr  inlcnsiiics.  /,  =  8.7X10’,  72=3.51X10*°  W/cml 


FIG.  16.  Probability  of  forming  (a)  Na(3^)+Na(3;?)  and  (b)  Na(35) 
-rNa(4^)  as  a  function  of  oJ]  ,  with  <t>2=  13  964  cm“\  I \  =  8.7  X  lO’  \V/cm\ 
and  72  =  3.51x10*°  W/enr.  The  molecule  is  initially  in  U/=I9,  7=0  of 
the^riy  electronic  stale  and  ^(cui-£U2)  +  (ft,=i9”^u=3!)”^  tu,  =  15514 
cm’*.  Both  satellite  terms  and  rotational  couplings  are  included. 

the  presence  of  rotational  states  is  seen  to  reduce  the  cu] 
range  over  which  P{g)  varies  and  to  substantially  reduce  the 
range  of  control.  Nonetheless,  we  still  observe  a  change  of  as 
much  as  a  factor  of  3  in  the  branching  ratio  as  the  frequency 
cjj  is  varied. 

Finally,  we  consider  results  which  include  all  effects, 
i.e.,  both  rotational  terms  and  satellite  contributions.  Figure 
16  shows  such  a  result  where  Vi=  19,  7  =  0  of  the  state. 
Rotational  couplings  among  the  7=0,2  of  the  and  the 
7=  1,3  of  the  and  2  ^2^  are  included  in  the  computa¬ 
tion.  Control  over  the  product  probability  remains  extensive, 
with  the  ratio  Piq  —  3s  +  3p)/P(q  —  3s-^4s)  ranging  from 
0.3  to  3  as  oji  is  tuned. 

V.  SUMMARY 

We  have  shown  that  extensive  control  of  the  line  shape 
and  the  branching  ratio  in  photodissociation  can  be  achieved 
by  scanning  the  relative  frequencies  of  two  intense  lasers. 
The  control  is  independent  of  the  phase  of  the  two  laser 
routes.  Computations  on  Na2  photodissociation  show  that 
control  over  product  yields  is  extensive,  with  the  branching 
ratio  changing  by  as  much  as  a  factor  of  10  as  the  frequen¬ 
cies  are  tuned. 
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Abstract 


Quantum  mechanics  is  shown  to  impose  a  rigid  limitation  on  the  extent  to  which 
dynamics  can  be  controlled.  Specifically,  consider  a  system  in  an  initial  subspace  Hq  of 
dimensionality  Mo,  which  evolves  to  populate  subspaces  of  dimensionality  Mi, 

M2.  Then,  if  M2  >  Mo,  it  is  possible  to  prevent  transitions  from  Ho  into  H2  only  under 
extremely  stringent  conditions.  Classical  mechanics  is  shown  to  impose  no  such  limitation. 


2 


Using  coherent  external  fields  to  induce  quantum  interference  effects  in  atomic  and 
molecular  systems  provides  a  powerful  means  of  controlling  system  dynamics  at  its  most 
fundamental  level.^— ^  For  example,  recent  theoretical  considerations,  and  experimental 
verification^,  show  that  realistically  achievable  laser  configurations  can  be  used  to  sub- 
stantially  alter  product  yields  in  molecular  photodissociation  processes”.  As  interest  in 
the  possibilities  afforded  by  such  directed  dynamics  grows,  so  does  the  need  for  general 
principles  which  delimit  the  range  of  possible  control. 

In  this  letter  we  demonstrate  that  quantum  mechanics  imposes  a  stringent  general 
limitation  on  the  extent  of  possible  control.  Uncontrolled  free  system  evolution  is  also 
seen  to  be  similarly  limited.  ' 

We  focus  attention  on  a  system  whose  Hamiltonian  eigenstates  are  partitioned  into 
bases  for  three  subspaces  of  dimensionality  Mo, Mi  and  M2,  respectively. 

States  in  Hi  {i  =  0,1,2)  are  denoted  |i,nfc),  where  =  l,...,Mi  labels  the  state  and  i 
labels  the  subspace.  Dynamics  initiated  in  Ho  can  flow  into  Ho,  H\  and  H2  under  the 
influence  of  a  unitary  operator^  5.  The  object  of  control  here  is  to  direct  dynamics  from 
Ho  into  Ho  ®H\,  while  excluding  transitions  to  7^2-  Clearly  this  is  a  trivial  problem  if 
there  are  states  in  Ho  with  nonzero  S-matrix  elements  solely  to  states  in  one  Hi.  Hence 
we  restrict  attention  to  the  more  general  case  where  each  state  in  Ho  has  a  nonzero  prob¬ 
ability  of  undergoing  a  transition  to  at  least  one  state  in  either  Ho  or  Hi  and  to  7^2-  We 
then  show  that  only  under  extremely  stringent  conditions  is  it  possible  to  construct  an 
initial  superposition  state  in  Ho  which  directs  the  system  entirely  from  Ho  into  Ho  ©  7^i 
if  M2  >  Mq.  No  such  restrictions  arise  in  classical  mechanics. 

Since  any  initial  state  in  Ho  is  comprised  of  an  incoherent  weighted  sum  over  pure 
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states,  it  suffices  to  consider  a  single  pure  initial  state.  Consider  then  the  dynamics  of  an 
initial  wavefunction  |  t'o)  which  is  comprised  of  a  linear  superposition  of  states  in  Tio: 


Mo 

ho)  =  52 

n,=:l 

and  note  that  the  operator  5  operates  eis; 

2  Mj 

i=i 

By  construction,  Hi  and  H^  are  comprised  of  states  accessible  from  Ho  via  5;  i.e.,  the 

matrix  elements  Sniln^  ^'I’e  nonzero. 

The  final  state,  resulting  from  the  operation  of  5  on  |  t'o),  is  given  by: 

Mo  2  Mj 

5 1  io )  =  E  E  E  I 

n,=l  j=l  nfc=l 

Projecting  this  state  onto  ( 2,  n/  |,  squaring  and  summing  over  n/  gives  the  probability  of 
finding  the  system  in  H^' 

Mo 

■p(«2)  =  EiE'”i'5£:»1i"  ,  w 

Tij  ni=l 

Under  what  conditions  can  we  prevent  dynamics  into  7^2?  To  do  so  requires  P{'H2)  =  0, 


Mo 

E  =  0’ 

n,=l 

for  n/  =  1, ...,  M2,  or 

SMo,M2^Mo  =  0 


(5) 

(6) 


where  Smo,M2  -^o  x  M2  dimensional  matrix  and  Cmo  is  an  Mo  dimensional  vector. 

Equation  (6)  has  nontrivial  solutions  if  and  only  if®  the  rank  of  Smo,M2  i®  i®®® 

Mq.  This  is  certainly  the  case^  for  M2  <  Mq.  However,  for  M2  >  Mo  the  rank  of  Smo,M2 
is  greater  than  or  equal  to  Mq  unless  all  Mo  X  Mq  dimensional  submatrices  of  Smo,M2 
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singular.  That  is,  denoting  the  such  submatrix  by  {k  = 

1, [M2!/(M2  -  Mo)!Mo!]),  nontrivial  solutions  are  only  possible  if 

for  all  k.  Clearly  this  imposes  very  stringent  conditions  on  the  possibility  of  the  desired 
control,  making  it  virtually  impossible  under  generic  conditions. 

The  inability  to  direct  dynamics  from  Wo  a.way  from  W2  under  typical  conditions,  if 
M2  >  Mo,  is  entirely  a  quantum  limitation.  To  see  this  consider  the  analogous  situation 
classically.  Here  one  examines  a  phase  space  region  Aq  of  volume  Mq  containing  trajec¬ 
tories  which  flow  into  final  phase  space  regions  Aq,  Ai  and  A2,  of  volume  Mo,  Mi  and 
M2-  To  design,  for  example,  an  initial  state  in  Aq  which  goes  solely  into  Ai  simply  (1) 
allow  all  trajectories  to  evolve  from  Aq  and  settle  into  Aq,  Ai  or  A2',  (2)  time  reverse  just 
those  trajectories  which  went  from  Aq  into  Ai,  to  give  a  distribution  in  Ao-  The  resultant 
distribution,  when  propagated  forward  in  time,  will  evolve  solely  from  Aq  to  Ai- 

The  simplest  way  to  understand  the  difference  between  the  classical  and  quantum 
results  is  to  note  that  in  classical  mechanics  each  classical  state  (i.e.  each  trajectory)  goes 
from  Aq  into  a  specific  A,-.  This  is  not  the  case  quantum  mechanically  where  each  Wo 
state  has  nonzero  S  matrix  elements  with  states  in  both  Wo  ®  Wi  and  W2. 

The  quantum  restriction  we  have  obtained  is  completely  general,  applying  to  both 
systems  which  are  controlled,  in  which  case  S  defines  a  process  which  we  design  for  control 
purposes,  as  well  as  to  uncontrolled  system  evolution  in  which  S  is  dictated  by  nature. 
The  result  establishes  an  important  inequality  between  the  dimension  of  the  subspace 
(W2)  which  we  desire  not  to  populate  and  the  initial  subspace  (Wo).  Further,  unlike 
quantum  entropy  arguments  for  example,  the  result  imposes  a  fundamental  restriction  on 
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the  dynamical  evolution  of  the  wavefunction  itself.  No  observer  or  measurement  need  be 
invoked. 
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Abstract 

Control  over  channel  specific  line  shapes  and  branching  ratios  in  photodis¬ 
sociation  is  achievable  by  irradiating  a  molecule  with  two  intense  CW  lasers 
whose  relative  phase  need  not  be  well  defined.  Control  results  from  quan¬ 
tum  interference  between  nonlinear  pathways  induced  by  the  intense  fields, 
within  which  the  relative  laser  phase  cancels.  The  interference,  and  hence  the 
product  yields,  can  be  manipulated  by  changing  the  relative  frequencies  and 
intensities  of  the  two  lasers.  In  this  paper  this  theory  of  high  field  control  is 
described,  and  computations  on  the  photodissociation  of  Na2  are  discussed. 
Control  over  product  yields  is  shown  to  be  extensive,  even  with  inclusion  of  ro¬ 
tational  states.  For  example,  the  branching  ratio  between  the  Na(3s)-f-Na(3p) 
and  Na(3s)-fNa(4s)  products  can  change  by  as  much  as  a  factor  of  ten  as  the 
frequencies  are  tuned. 


1.  INTRODUCTION 

Attempts  to  control  atomic  and  molecular  processes  with  lasers  is  an  important  problem 
of  longstanding  interest.  Initial  efforts  to  reach  this  goal  proposed  using  intense  laser  fields 
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whose  interaction  energy  with  the  atomic  or  molecular  system  was  sufficiently  large  so  as  to 
compete  with  ionization  and  binding  energies.  These  early  efforts  were  generally  unsuccessful 
since  increasing  the  cross  section  of  the  desired  process  was  often  accompanied  by  undesirable 
side  effects.  Similarly,  frequency  based  approaches,  e.g.  tuning  the  laser  frequency  to  match 
that  of  a  particular  bond  which  we  desire  to  break  (the  so  called  mode-selective  approach) 
have  been  limited  to  molecules  with  light  atoms  where  vibrational  motion  of  the  target  bond 
is  effectively  decoupled  from  the  remainder  of  the  molecule. 

Since  the  late  1980’s  we,  and  other  reseachers,  demonstrated  that  the  coherence  proper¬ 
ties  of  weak  lasers  could  be  used  effectively  to  control  molecular  reactions  [1]-  [13].  Consider 
for  example  control  over  the  relative  cross  section  of  the  three  products  formed  in  the  pho¬ 
todissociation  of  a  molecule  ABC,  e.g. 

A-b  BC, 

ABC  ^  BA  AC,  (1) 

ca  ab 

As  one  example  of  a  control  scenario,  say  one  photoexcites  ABC  to  a  particular  energy 
and  total  angular  momentum  using  two  different  lasers  (e.g.,  absorption  of  one  photon  of 
frequency  uj  and  three  photons  of  frequency  ojjZ).  Under  these  circumstances  there  are  two 
independent  pathways  to  the  final  products.  These  two  routes  can  interfere  destructively 
or  constructively,  depending  on  the  relative  phase  and  intensity  of  the  two  lasers.  The 
resultant  interference  depends  upon  the  particular  product  channel.  Thus,  by  varying  laser 
parameters  one  can  selectively  alter  the  interference  term  to  favor  production  of  one  product 
over  another  [5] . 

The  essential  principle  of  coherent  control,  the  name  given  to  this  approach,  is  that 
control  over  molecular  processes  may  be  achieved  by  exciting  a  system  to  the  same  final 
state  through  several  independent  optical  excitation  routes.  Using  this  essential  principle 
one  may  design  a  host  of  scenarios  for  controlling  a  wide  variety  of  processes,  including 
total  photodissociation  cross  sections,  differential  photodissociation  cross  sections  [1],  current 
directions  in  semiconductors  [7],  bimolecular  collision  processes  [8],  etc.  Detailed  state-of- 
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the-art  computational  studies  of  these  control  scenarios  show  that  extensive  control  over 
product  channel  cross  sections  is  possible  [1,3].  In  addition,  a  number  of  experimental 
studies  have  verified  the  essential  principles  of  coherent  control  [6]. 

The  vast  majority  of  proposed  control  scenarios  have  relied  upon  the  use  of  lasers  whose 
relative  phase  is  controllable  and  well  defined.  This  places  a  strong  requirement  on  the 
required  laser  arrangement.  In  this  paper  we  review  work  showing  that  simultaneous  irradi¬ 
ation  of  a  molecule  with  two  intense  laser  fields  allows  for  a  control  scenario  in  which  relative 
laser  phase  need  not  be  maintained.  Rather,  the  essential  control  parameter  influencing  the 
quantum  interference  effect  is  the  relative  frequency  of  the  two  lasers.  This  scenario,  which 
bears  some  relationship  to  studies  of  laser  induced  continuum  structure  [14,15]  and  laser 
induced  transparency  [16],  is  shown  to  allow  for  extensive  control  over  the  probability  of 
dissociation  as  a  function  of  translational  energy  (channel  specific  line  shape)  as  well  as  the 
total  yield  of  a  given  product. 

The  proposed  control  scenario  is  straightforward:  an  intense  laser  of  frequency  excites 
a  molecule  from  an  initially  populated  bound  state  |£,-)  to  a  continuum  state  ]£,m,9“) 
at  energy  £  (where  m  specifies  the  product  quantum  numbers  and  q  labels  the  product 
arrangement  channel)  while  a  second  laser  ui2  simultaneously  couples  initially  unpopulated 
bound  states  ]£j)  to  the  same  continuum.  With  both  lasers  on,  dissociation  to  ]£,m,  g“) 
occurs  via  direct  and  indirect  dissociation  pathways,  the  two  lowest  orders  of  which  are 
I  £i )  ^  I  £,  m,  9" )  and  ]£.  )->  i  e',  m',  ^  j  £j  )  ->  I  £,  m,  9"  ).  Contributions  from  these 

pathways  to  the  product  in  a  given  channel  q  at  energy  £  interfere  (either  constructively  or 
destructively)  with  one  another.  Varying  the  frequencies  and  intensities  of  the  lasers  alters 
the  interference  and  hence  the  dissociation  line  shape  and  the  yield  of  product  into  a  given 
channel.  Since  the  resultant  scenario,  as  shown  below,  is  independent  of  the  laser  phase,  we 
call  this  “incoherent  interference  control” ,  as  distinct  from  coherent  control. 

In  this  paper  we  review  our  recent  work  [17-19]  in  this  area.  We  develop,  in  Section  II,  a 
molecular  photodissociation  theory  for  molecules  in  intense  laser  fields.  The  proposed  control 
scenario  emerges  by  applying  this  theory  to  excitation  with  two  specifically  chosen  laser 
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fields,  as  described  in  Sect.  IIB.  Two  types  of  control  scenarios  are  described,  one  photon 
plus  one  photon  and  two  photon  plus  one  photon  control.  Results  of  computations  examining 
the  extent  of  possible  control  are  provided  in  Section  III  and  IV,  where  we  demonstrate 
extensive  control  over  the  branching  ratio  into  Na(3s)+Na(3p)  vs.  Na(3s)  +  Na(3d)  vs. 
Na(3s)4-Na(4s).  Indeed  the  absolute  controlled  yield  is  extensive  as  well,  since  the  CW 
fields  induce  virtually  100%  dissociation.  Section  IV  contains  a  brief  summary. 

II.  QUANTUM  DYNAMICS  OF  PHOTODISSOCIATION  IN  INTENSE  FIELDS 

In  this  section  we  sketch  the  quantum  theory  of  photodissociation  in  intense  CW  laser 
fields.  This  theory  is  then  used  to  develop  incoherent  interference  control.  Section  IID  dis¬ 
cusses  the  numerical  method  which  enables  us  to  exactly  compute  photodissociation  prob¬ 
abilities  in  intense  fields. 


A.  Photodissociation 

The  Hamiltonian  if  of  a  molecule  in  the  presence  of  a  radiation  field  is  the  sum  of  the 
molecular  part  if a/,  the  radiation  part  Hr  and  the  interaction  V  between  them: 

H  =  Hm  +  Hr  +  V  =  Ho^V.  ( 2 ) 

The  Hamiltonian  Hm  of  an  isolated  molecule  AB  (where  A  and  B  are  molecular  moieties) 
can  be  conveniently  written  as  the  sum  of  the  nuclear  kinetic  terms,  /C(R)  and  k(v),  and 
the  electronic  term  ife/(qiR-,r), 

Hm  =  K{K)  +  k{v)  -f  ife/(q|R,  r),  (3) 

where  R  is  the  displacement  vector  between  A  and  R,  r  are  the  remaining  nuclear  coordi¬ 
nates,  and  q  denotes  the  collection  of  all  electronic  coordinates.  As  the  molecule  dissociates, 
{R  =  |R|  — >  oo),  Hm  approaches  its  asymptotic  form  Hm  while  iJe/(q|R,  r)  approaches 
/»e/(q,r), 
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(4) 

(5) 


lim  Hm  = 

il— *-oo 

H^  =  K{R)  +  [k{r)  +  Ki{q,r)]. 

The  term  in  the  brackets  on  the  right  hand  side  of  Eq.(5)  is  the  Hamiltonian  of  the  separated 
fragments  A  and  B. 

Photodissociation  occurs  as  a  result  of  a  transition  from  a  molecular  bound  state  jefc)  to 
dissociating  eigenstates  |£,  m,  q~)  in  the  presence  of  radiation  fields.  Here  m  specifies  the 
product  quantum  numbers,  e  is  the  state  energy,  q  labels  the  product  arrangement  channel, 
and  \£b)  and  le,m,  are  eigenstates  of  Hm  with  discrete  energy  ej  and  continuous  energy 
£,  respectively.  That  is, 

HM\eb)  =  £6k6),  (^) 

Hm\£, q~)  -  eje,  m,  q~).  ('^) 

The  eigenstates  are  normalized  so  that 

(£:6|£,ni,g")  =  0,  (S) 

{e',m',q'~\e,m,q~)  =  -  e)  ^m',m  Vw 

The  minus  sign  on  q  denotes  the  incoming  boundary  condition  i.e.  that  at  large  time  t 
the  states  exp{-iet/n)\£,m,q-)  approach  well-defined  states  exp{-i£t/n)\e,m,q),  where 
|£,  m,?)  are  eigenstates  of  the  asymptotic  product  Hamiltonian  H^, 

H^\£,m,q)  =  £\e,ni,q).  (10) 

The  quantity  m,  being  good  quantum  numbers  of  specify,  in  conjunction  with  the 
energy  e  and  the  arrangement  channel  label  q,  the  states  |£,m,9)  of  the  fragment  products. 
In  the  case  of  diatomic  photodissociation  the  quantum  number  m  refers  to  scattering  angles 

k. 

The  presence  of  radiation  is  conveniently  described  by  the  number  eigenstates  of  Hr, 

Hnm  =  Hr\ ■■■)=  Er,,\Nk)  (U) 
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with  energy  =  Ei  which  is  the  sum  of  photon  energies  in  all  possible  modes. 

The  letters  k  =  i  and  /  will  be  used  to  label  the ‘initial  and  final  states,  respectively.  The 
eigenstates  of  Hq  =  Hm  +  Hr  are  the  direct  product  of  the  molecular  and  photon  states;  e.g., 
l(£,m,9“),iV/)  =  |e,m,9“)|A^/).  The  molecule-radiation  interaction  V  can  be  expressed  in 
the  dipole  approximation  eis 

V  =  -fi-£,  S  =  ij^ciletai -eioj),  (12) 

/ 

where  is  the  electric  dipole  operator,  S  the  amplitude  of  the  radiation  electric  field, 
ti  =  e/  and  w;  are  the  polarization  vector  and  angular  frequency  of  mode  /, 

respectively,  and  a;,  aj  are  annihilation  and  creation  operators  of  photons  in  mode  L 

The  dynamics  of  photodissociation  is  completely  described  by  the  fully  interacting  state 
of  the  total  Hamiltonian  E, 

IIl(s,m,g~),Nk}  =  (e-f  £';vJ|(£,m,9"),A'’T),  (13) 

where  the  minus  superscript  on  Nk  indicates  the  boundary  condition  that  when  the  radiative 
interaction  V  is  switched  off,  the  state  |(£,m,  becomes  the  non-interacting  state 

|(£,m,g'),  The  states  l(e,m,  9"),  satisfy  the  Lippmann-Schwinger  equation  [20], 

((€,m,q-),Nkj  =  ((£:,m,q“),iVfc|  +  ((e,m,q~),  NkjVGie'^  +  EnJ  (14) 

Here  G(E)  =  1/(£J  —  E)  is  the  resolvent  operator,  and  e"*"  denotes  e  -b  iS  with  ^  O'*' 

at  the  end  of  the  calculations.  If  the  system  is  initially  in  [e,-,  A^,-)  =  |£t)|A^j)  and  the 
radiation  field  is  switched  on  suddenly  then  the  photodissociation  amplitude  to  form  the 
product  state  q~)\Nf)  is  given  by  the  overlap  integral  {{e,m,q~),Nj'\ei,Ni).  Since 

{{e,in,q~),  Nf\ei,  Ni)  =  0  this  overlap  assumes  the  form 

{{e,m,q~),Nj\ei,Ni)  =  {{e,m,q~),Nf\VG{£^  +  ENf)\ei,Ni),  (15) 

through  use  of  Eq.(14).  Thus,  the  operator  VG  gives  a  complete  description  of  the  pho¬ 
todissociation  process,  up  to  all  orders  of  the  laser-molecule  interaction. 
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Equation  (15)  is  an  exact  expression  which  provides  a  connection  between  the  dissoci¬ 
ation  amplitude  and  the  VG  matrix  element.  The  required  matrix  elements  of  VG  can  be 
computed  directly  using  the  artificial  method  [18]  originally  introduced  by  Shapiro  for  weak 
radiation  fields  [21]  and  extended  to  high  fields  [22,23].  The  numerical  approach  is  discussed 
in  Section  IID. 

Two  quantities  are  of  interest:  the  channel  specific  line  shape  A{€,q,Nf\£i,  Ni),  i.e.  the 
probability  of  dissociation  into  channel  q  with  energy  e, 

A{6,q,N,\ei,Ni)  =  I  dk\{{e,k,q-),N7\ci,N,)\\  (16) 

and  the  total  dissociation  probability  to  channel  q 

P(l)  =  E/ deA{e,q,N,]ei,Ni),  (17) 

where  the  sum  is  over  sets  of  photons  that  lift  the  molecule  above  the  dissociation  threshold. 
[In  writing  Eq.  (16)  diatomic  dissociation  is  assumed,  so  that  m  =  k]. 

Our  computations  [17-19]  are  based  upon  a  direct  calculation  of  the  full  photodissocia¬ 
tion  amplitude  {{£,m,q~),Nf\VG{E'^)\£i,Ni)  {E'^  =  AEnj),  but  to  gain  insight  into  the 
physics  it  is  of  interest  to  examine  the  general  structure  of  this  quantity.  It  is  highly  complex 
since  the  molecular  response  to  intense  laser  fields  is  generally  highly  nonlinear  with  mul¬ 
tiple  absorption  and  emission  processes  occurring.  For  example,  stimulated  emission  from 
bound  ais  well  as  from  continuous  states  can  be  as  strong  as  absorption  processes.  As  a 
result,  Raman-type  couplings  via  absorption  and  emission  lead  to  the  overlap  between  two 
bound  vib-rotational  states  in  the  same  or  different  electronic  manifolds,  which  is  otherwise 
negligible  in  weak  field  regime.  Multiple  absorption  and  emission  induce  multiple  reaction 
pathways  in  molecules,  resulting  in  profound  effects  in  molecular  dynamics  [18].  As  a  result 
it  is  generally  impossible  to  obtain  a  closed  form  for  the  VG  matrix  element  in  high  field 
regime.  It  is  possible,  however,  to  obtain  an  expansion  of  the  V G  matrix  element  in  terms 
of  the  level-shift  operator  R{E'^),  as  we  show  below.  This  expression  provides  insight  into 
photodissociation  dynamics  in  intense  radiation  fields. 
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To  this  end  we  introduce  the  projection  operators  P  and  Q 


P  =  j de\{e,m,q  ),Nk-){{£,m,q  ),Nk\ 


m,q  Nk 

j 

which  project  out  continuous  and  bound  parts  of  eigenstates  of  Ho  [Eq.  (2)],  respectively. 
Note  that  with  P,  Q  thus  defined,  the  photodissociation  amplitude  is  also  given  by: 

{{e,m,q-),Nf\VG{E+)\ei,Ni)  =  {{e,m,q-),Nf\PVG{E+)Q\£i,Ni).  (20) 

Consider  then  the  operator  PVGQ: 

PVGQ  =  PV{Q  +  P)GQ  =  PVQGQ  +  PVPGQ.  (21) 

The  operators  QGQ  and  PGQ  can  be  expressed  [24]  as 

QG(E*)Q  =  _  Qj]^Q_  qr(E+)Q’ 

(23) 

where  R{E'^),  the  level-shift  operator,  is  given  by  [24] 

i?(E+)  =  V  +  ^ _  pjj^p  _  pvp^- 

Substituting  Eqs.(22)  and  (23)  into  Eq.(21)  yields 

PVG{E*)Q  =  PR{E*)QaQ  =  PIXE*)Q _q„J_qr(e*)q'^- 

It  is  convenient  to  separate  the  operator  QRQ  in  the  denominator  of  Eq.(25)  into  diagonal 
and  off-diagonal  parts 


3  3+3' 

where  Qj  =  [sj,  Using  Eq.(26)  and  the  operator  identity 

1  _  1  ^  ff  ^ 

A-B  A  A  A-B' 
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we  rewrite 


1  _  ^ _ _ 

E+  -  QHoQ  -  QR{E+)Q  ~  E+ -  QHqQ  -  Ei  QiR{E^)Qj 

^E+-  QHoQ  -  Ei  QjR{E+)Qj  (|^,  Q:R{E'^)Qj^  E+ -  QHoQ  -  QR{E+)Q' 

By  iteration,  Eq.(28)  can  be  expanded  as 


E+  -  QHoQ  -  QRiE+)Q  E+  -  QHoQ  -  Ei  QjRiE+)Qj 

V-  Dtjr+\r>.  i ^ 


£+  -  QHoQ  -  Y,jQiR{E+)Qi 


+  x;  QjRiE+)Qr 

\j¥i' 

1 


E+-QHoQ-E^QjR{E+)Qj  )Qrj+- 


E+-  QHoQ  -  Ei  QjRiE+)Qi  ■ 

We  can  evaluate  the  matrix  element  of  Eq.(25),  using  Eq.(29),  since  the  operator 
1/(E+  -  QHoQ  -  Ej  QjR{E'^)Q3)  is  diagonal  in  Q-subspace.  The  resulting  photodisso¬ 
ciation  amplitude  can  be  written  as  the  sum  of  the  terms: 


{(e.in,O.JV/|VG(i:+)ki,Afi 


'{{e,m,q-),NAR(E*)\ei,N,) 


+  E 


ft,, ‘  . 


+  E 


{{e,m,q-),Nf\R{E+)\ei>,Ny){e^>,Nj>\R{E+)\eq,Ni){ej,NARiE+)\ei,Ni 

[e+  -  ej>  -  Eff.,  -  RrAE+)]  [e+  -  ej  -  En,  -  RjAE^] 


where  E"*"  =  £■*■-!-  E^j-  We  have  written  out  three  groups  of  terms  explicitly, 

but  we  emphasize  that  the  numerical  method  utilized  below  allows  us  to  compute 

{{e,in,q-),Nf\VG{E-^)\ei,Ni)  directly. 

Equation  (30)  shows  that  numerous  terms  contribute  to  the  photodissociation  amplitude. 
Each  of  the  terms  is  associated  with  a  transition  pathway.  Multiple  pathways  induced  by 
intense  fields  interfere  with  one  another,  either  constructively  or  destructively,  depending  on 
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the  relative  phases  among  them.  By  manipulating  the  frequencies  we  can  effectively  control 
the  transition  probability,  as  we  discuss  below. 

Equation  (30)  provides  a  completely  general  expression  for  terms  in  the  laser-molecule 
interaction.  The  expression  may  be  simplified,  however,  under  the  conditions  of  this  paper, 
by  noting  that  the  incident  radiation  is  such  that  it  only  effectively  couples  states  in  the  Q 
space  to  those  in  the  P  space.  Under  these  circumstances  PVP  =  0,  which  is  tantamount 
to  neglecting  above-threshold  dissociation,  and 

{{e,m,q~),Nf\R{E'^)\ej,Nj)  =  {{e,Tn,q~),Nf  \V\sj,Nj)  (31) 


The  other  matrix  elements  of  R  in  Eq.(30)  assume  the  following  forms:  the  diagonal  elements 


Rjj  of  RiE"^)  in  the  Q-subspace  given  by 

(32) 

=  Ai{E)  -  iri(£),  (33) 

where,  by  taking  ^  >  0,  we  have 

=  (34) 

r,(£)  =  2ir{£i, Nj \VPS(E  -  PHP)PV\sj,Ni),  (35) 


which  are  the  field-induced  shift  and  broadening,  respectively.  In  Eq.(34),  P„  denotes  the 
principle  part  of  the  integration.  Equation  (30)  also  involves  the  off-diagonal  elements 

(i  ^  0 


E+  -  PHP 


V 


ei,Ni).  (36) 


the  second  term  of  which  describes  second  order  coupling  between  two  bound  states,  medi¬ 
ated  by  the  continuum.  If  the  |  ej )  and  |  £.• )  belong  to  the  same  electronic  manifold  the  first 
term  is  zero  in  the  dipole  approximation. 

The  photodissociation  amplitude  in  Eq.(30)  is  therefore  seen  to  be  comprised  of  tram 
sitions  from  the  initial  state  to  the  dissociation  continuum  |(£,m,5 
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various  dissociation  pathways:  |  (e,  m,  9“),  ^  |£i,iVi),  |  (e,m,?-),  )  4-  |£j,A(j  )  ^ 

I  (s',  m',  q'-),N' )  f-  I  Ni ),  etc. 

Equation  (30)  can  be  truncated  at  various  levels  to  examine  a  particular  process.  The 
simplest  case  is  weak  field  single  photon  dissociation,  where  the  isolated  resonance  approxi¬ 
mation  (i.e.  the  assumption  that  only  one  bound  state  is  dissociated)  applies.  In  this  case 
only  the  first  term  on  the  right  hand  side  of  Eq.(30)  need  be  considered.  The  resultant 
expression  [18]  turns  out  to  be  the  same  as  that  obtained  by  applying  Fano’s  configuration 
interaction  theory  [25]  in  conjunction  with  the  isolated  resonance  approximation  and  the 
neglect  of  free-free  transitions. 

For  higher  fields  where  the  power  broadening  of  the  initial  bound  state  is  comparable  to, 
or  larger  than,  the  spacing  between  the  bound  states,  the  isolated  resonance  approximation 
is  no  longer  valid.  Under  these  circumstances,  the  contribution  from  the  neighboring  states, 
which  are  initially  unpopulated,  should  be  included  via  the  second  group  terms  in  Eq.(30). 
If  n\  and  u)i  are  the  photon  number  and  frequency  of  the  excitation  laser,  respectively  then 
I  A^,- )  =  I  m  ),  I  Nf  )  =  I  ni  —  1 )  and  — l)^a;i.  The  photodissociation  amplitude 

becomes 


{{e,m,q  ),ni  -  l|UG(£’+)|e,-,ni)  =  [((£,m,5  ),ni  -  l|U|£,-,ni ) 

((£,m,g-),ni  -  l|U|£f,ni  )(£f,ni  |i?(£+)|  g,-,  ng ) 

£■*“  —  £/  —  huji  —  A/  -|-  iT'if2 

1 


+  E 


(37) 


£"*"  —  £j  —  Jiuji  —  At  "t"  iT,’/2^ 
where  A,-  and  F,-  are  the  shift  and  broadening  of  the  initial  state,  respectively.  Here 
(£/,ni  |i2(£+)|£,-,ni)  is  given  by  Eq.(36)  with  E+  =  e+  -j-  (ni  -  and  the  leading 

term  is 

n,  I ~  r), m  - 1 )( (e',  m, r), n,  -  1  |y| e,, n, ) 

£+-£'  ’ 


m,9‘ 


(38) 


describing  the  coupling  between  |  £,• )  and  |  £; )  via  absorption  and  emission  mediated  by  the 
continuum.  Practically,  only  those  1  £/ )  such  that  [£/-£, j  <  F,-  contribute  in  Eq.(37).  The  two 


11 


dissociation  pathways  in  Eq.(37),  |  (e,  m,  q~),  rzi  —  1 )  ■«—  j  ni )  and  |  {e,  m,  q~),  ni  —  1 )  •(— 
)  *—  I  —  1 )  <—  \s.i,nx ),  terminate  in  the  same  dissociation  continuum 

and  interfere.  The  resultant  line  shape  [Eq.(16)]  should  demonstrate  a  series  of  peaks  at 
£  ~  £i{h  =  z,  /,•••)  +  and  a  series  of  dips  where  the  two  paths  destructively  interfere 
with  one  another.  This  structure  is  the  molecular  analogue  of  Fano-interference  [25],  and  is 
observed  in  our  numerical  study. 

B.  Control  of  One-Photon  Dissociation:  One  Plus  One  Arrangement 

Consider  now  the  effect  of  simultaneously  applying  two  CW  laser  fields,  of  frequency  Wi 
and  (jJ2  and  photon  numbers  ni  and  n2  {\Ni)  =  |ni,n2)).  The  molecule-radiation  interaction 
V  is  given  by  the  sum  of  the  potentials  due  to  each  of  the  laser  fields: 

V  =  Vi  +  V2  =  -fi-Si-fi-e2,  (39) 

where  £i  and  €2  are  the  electric  field  vectors  associated  with  cui  and  u>2.  One  photon 
absorption  of  frequency  ui  excites  the  molecule  from  the  initial  state  |  £,• )  to  the  dissociative 
continuum  |  e,  m,  q~ )  while  the  second  laser  a>2  simultaneously  couples  the  continuum  to 
bound  states  |  £j  )  that  are  initially  devoid  of  population.  Multiple  absorptions  and  emissions 
of  u>i  and  u;2  couple  numerous  bound  states  to  the  continuum.  We  call  this  scenario  the  “one 
plus  one  arrangement”.  An  example  of  this  scenario  applied  to  Na2  molecule  is  shown  in  Fig. 
1  where  laser  frequencies  are  chosen  such  that  £i-\-fiuji  «  £_,+ ^a;2-  Under  these  circumstances 
I  £j  )  can  be  populated  by  stimulated  emission  from  the  continuum.  Given  these  frequencies 
there  are  three  routes  to  dissociation  in  lowest  order  leading  to  three  different  energy  regimes; 
(i)  dissociation  of  the  initial  |  £,• )  state  by  cu2  to  energy  £  «  £,  +  h,uj2',  (ii)  dissociation  of  |  £j ) 
by  (jJi  to  energy  £  «  £j  -b hui,  and  (iii)  the  dissociation  of  |  £,• )  by  u>i  and  of  |  ej  )  by  ll>2,  both 
to  energy  £«£,•-!-  hui  w  £j  +  ?iL02-  The  third  route  involves  two  interfering  pathways  while 
the  other  two,  termed  satellite  contributions,  do  not.  This  interference,  and  similar  higher 
order  interference  contributions,  is  the  key  to  control  in  this  scenario.  For  the  third  route, 
the  leading  terms  in  the  photodissociation  amplitude  at  £  w  £,•  +  %uJi  are 
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{{e,in,q  ),ni  —  l,n2\VG{E'^)\ei,ni,n2)  =  A  +  B,  (40) 

,,,,,  ,  ,  V- 

/!=  {(e,m.,  )."i-lW|£.-,».)+g - _  s„,  _  ft , 


A=  ((s,m,q  ),ni  -  llVilei,ni) +  ^ - e+ -  a  -  hui  - 

_ 1 _ 

£+  —  £i  —  hui  —  Ri,i  ’ 

((£,m,g~),n2|V2i£j,»2  +  1  )(£j,^i  -  1,^2  +  1  \R{e'^)\ei,ni,n2  ) 

“  -fe  (e+  -  £i  -  ^W2  -  i?ij)  (£+  -  £.•  -  hui  -  Ri,i) 


where  (£/,rai  |-Ri (£'*’) |  £15^1 )  is  given  by  Eq.(38)  with  V  replaced  by  Vi,  and 


(£j,ni  -  l,n2  +  1  \Rie'*')\ei, 711,712) 

^  f  ,  ,(£j,n2  +  l  |Vil(£',m,9-),n2  )((£', m,9-),ni-l|l/i|£i,ni) 

“  Ey  * - 17—7, 


Note  that  we  have  used  E  =  £  A  (nj  —  l)^wi  +  n2^<^2  iii  Eq.(30)  to  obtain  Eq.(41). 

The  A  term  in  Eq.(41)  results  from  a  direct  one-photon  dissociation  path  |£j)  — ^ 
|£,m,5")  induced  by  wi,  including  the  contribution  for  neighboring  state  |£i).  Term  B 
describes  the  indirect  dissociation  path  |£j)  |£',  m',  9'“)  — >  |£j)  —*  |£,  m,(jf  )  induced 

by  wi  plus  W2.  The  coupling  between  |£,}  and  \  £j)  in  Eq.(42)  results  from  absorption  of 
one  LOi  photon  and  stimulated  emission  of  an  0^2  photon.  This  results  in  additional  peaks  in 
the  line  shape  at  £  ~  £j  -f-  uj2  and  additional  minima  at  points  where  term  A  cancels  term 
B.  Higher  order  terms  in  the  expansion  of  Eq.  (40)  correspond  to  additional  sequences  of 
absorption  and  emission  of  photons  of  frequencies  uy  and  U2.  It  is  important  to  note  that 
the  relative  signs  of  all  of  these  terms  depend  on  laser  frequencies,  resulting  in  a  sensitivity 
of  the  line  shape  to  frequency. 

These  results  are  readily  understood  from  an  alternate  perspective,  the  dressed-molecule 
picture.  From  this  viewpoint  the  bound  states  of  the  bound  electronic  manifold  are  embed¬ 
ded  in  the  continuum  by  the  lasers  u}\  and  0^2?  and  dissociate.  Those  bound  states  which 
effectively  overlap  one  another  strongly  interfere.  The  resulting  dissociation  line  shape  there¬ 
fore  displays  a  series  of  peaks  and  dips,  reflecting  the  interference  pattern  from  the  multiple 
dissociation  pathways.  The  characteristic  of  the  interference  depends  on  the  frequencies 
and  intensities  of  the  lasers,  leading  to  the  control  of  dissociation  product  distribution  via 
variation  of  laser  parameters. 
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Equation  (41)  are  written  in  terms  of  the  number  representation  for  photon  states.  How¬ 
ever,  a  complete  analysis  of  the  interference  between  the  A  and  B  and  higher  order  paths 
necessitates  an  understanding  of  the  role  of  the  photon  phase.  For  this  reason  we  sketch  the 
same  argument  using  coherent  states.  Here  |  Oi )  and  1 02 )  are  coherent  states  describing 
the  cui  and  i02  fields  and  are  defined  as  (i  =  1,2) 

|a.)  =  X^F’(ai,n.)|ni),  (43) 

ni 

with 

P{ai,  Hi)  =  q”'  exp(-|a,|^/2)/ (44) 

The  quantity  ct,-  can  be  parameterized  by  the  average  photon  number  n,-  and  the  phase 
(j>{  (including  the  spatial  phase  ki  •  r)  of  the  w,-  laser  as:  a;  =  ^/niexp(i4>i).  Note  that  at 
high  intensities  (large  fii)  the  Poisson  distribution  in  Eq.(44)  is  sharply  peaked  at  n,-  =  Hi. 
Replacing  Eq.(41)  hy  {a\{e,q-  \VG{E-^)\  £.• ) i  a )  with  1  a )  =  |  ai )  ©  |  0:2 ),  gives,  within  the 
rotating  wave  approximation, 

(al(£,m,9-|yG(£;+)l£,)la)  +  (45) 

where  A  and  B  are  of  the  same  form  as  A  and  B  in  Eq.(41)  but  with  the  photon  numbers 
ni  and  replaced  by  the  average  photon  numbers  n-i  and  n2.  Because  of  the  cancelation  of 
the  laser  phase  <j>2  in  Eq.(45),  the  dissociation  probability  |(al(£,m,9”  iyG(£;‘'')| £; )| a )p 
is  given  by  Eq.(41)  with  rii  replaced  by  Hi.  The  same  argument  applies  to  higher  order 
terms,  within  the  rotating  wave  approximation. 

Equation  (45)  shows  that  the  laser  phase  imparted  to  the  molecule  in  the  path  A  is  ^1, 
and  the  phase  imparted  in  the  path  B  is  — ^2+^2  =  As  a  result  the  relative  phase  of  the 
two  paths  is  independent  of  the  laser  phases,  a  consequence  of  the  internal  cancellation  of  the 
<f>2  phase  when  U2  photons  are  emitted  and  absorbed.  A  similar  cancellation  occurs  (within 
the  rotating  wave  approximation)  in  the  higher  order  terms  to  energy  E  ^  ei  +  Hui  ,  which 
are  composed  of  repeated  iterations  of  emission  and  absorption  of  u)2  or  ui.  The  resultant 
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control  scenario  is  therefore  expected  to  be  insensitive  to  the  phase  jitter  or  phase  drift  of 
either  laser.  Hence,  although  there  are  multiple  interfering  pathways  to  dissociation  in  this 
scenario,  variation  of  laser  phases  no  longer  serves  as  a  means  of  controlling  dissociation 
yields,  as  it  does  in  coherent  control  [1].  However,  as  shown  in  Section  HI,  highly  efficient 
yield  control  results  from  varying  the  frequencies  cuj  and  0^2  • 

C.  Control  of  Twro-Photon  Dissociation:  Two  plus  One  Arrangement 

In  this  section  we  discuss  a  related  scenario  that  controls  resonant  two-photon,  rather 
than  one-photon,  dissociation.  The  resonant  character  of  the  two  photon  process  not  only 
greatly  enhances  the  dissociation  probability,  but  also  provides  a  means  of  selectively  exciting 
molecules  out  of  a  thermal  distribution,  a  feature  of  considerable  importance  for  controlling 
reactions  in  a  thermal  environment. 

Consider  a  molecule  in  an  initial  bound  state  |£,  )  that,  by  absorbing  two  photons 
of  frequency  cui,  is  excited  to  a  continuum  |£,m,  9“)  via  a  resonant  intermediate  state 
I  £jj ).  For  the  purpose  of  control,  a  second  (“control”  )  laser  W2  simultaneously  couples 
the  continuum  to  initially  unpopulated  bound  states  |  )  to  generate  new  pathways  for 

photodissociation  (see  Fig.  2).  For  example,  the  state  \  ej^)  can  be  populated  by  stimu¬ 
lated  emission  from  the  continuum  and  subsequently  dissociated  by  absorption.  The  laser 
frequencies  are  chosen  such  that  1iu\  ~  £jj  —  £,-,  that  is,  the  is  in  resonance  with  £_/, ,  and 
£,•  +  2hui  fa  £j2  +  The  initial  state  of  the  total  system  is  I  £,-,  Ni)  =  \  Si,  ni,  n2  ),  and  the 
final  state  is  |  {e,  m,  q~),  rii  —  2,712)-  We  term  the  scenario  the  “two  plus  one  arrangement”. 

In  this  case,  as  above,  the  exact  photodissociation  amplitude  is  given  by  Eq.  (15). 
Physical  insight  emerges  by  considering  the  leading  terms  in  the  expansion  of  the  photodis¬ 
sociation  amplitude  [Eq.(30)]  given  by 

-  2,n2|FC?(E‘'')l£,-,ni,n2 )  =  C  D  -\ -  (46) 

^  ^  ((£,m,g~),ni  -2\Vi\ej,,ni  -  l)(£j,,ni  -  l|Vi|g.-,ni) 

~  -  £«•  -  -  Ri,C} 
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((£,m,g  ),n2|V2|£j2>^2  +  1  ~  ) _ 

ji¥-hj2^iJi^h  ~  ~  ~  ^h,h)  (^'''  ~  ^ii  ~  ~  ^ji,h)  ~  ~  2^a>i  —  Rt,t] 


where  we  have  used  E  =  e  +  {n\  —  2)1iijJ\  +  n2lioJ2  in  Eq.(30)  to  obtain  Eq.(46).  The  Rj. 
term  in  Eq.(48)  is  given  by 


Rh,h  =  (£j2  5ni  -  2,n2  +  1  |E(e+)leji,ni  -  l,n2) 

V-  y  .  /(gj2>n2  +  1  \V2\i£',rn\q’-),n2){{e',Tn',q'-),ni  -2\Vi\ej,,ni  -  1) 


=  E/ 


£+  —  e' 


■  (49) 


and  describes  the  coupling  between  |  )  and  |  Sj^ )  resulting  from  the  absorption  of  one  wj 

photon  and  the  stimulated  emission  of  an  u)2  photon. 

For  the  fields  described  by  coherent  states  |  a )  =  |  Qi  )  0  |  a2  ),  the  leading  terms  in  the 
photodissociation  amplitude  are  given  by 

( e,  m,  q-  1(  a \VG{E)\ ei)\a)  =  +  •  •  • ,  (50) 


where  C  and  D  are  of  the  same  form  as  C  and  D  in  Eq.(46)  but  with  the  photon  numbers 
Til  and  n2  replaced  by  the  average  photon  numbers  ni  and  ^2-  Once  again,  because  of  the 
cancellation  of  the  laser  phase  (j>2  in  Eq.(50),  the  leading  terms  in  the  dissociation  probability 
|(al(£,m,q~  \VG{E)\ei)\a)^  are  given  by  Eq.(46)  with  n,-  replaced  by  n,-.  The  resultant 
control  over  the  two-photon  process  is  independent  of  the  phase  jitter  or  phase  drift  of  either 
laser.  Similarly,  all  higher  order  terms  in  the  expansion  [Eq.(46)],  within  the  rotating  wave 
approximation,  lead  to  laser  phase  free  contributions  to  the  probability  of  dissociation. 


D.  Computational  Method 

From  the  computational  viewpoint,  it  is  greatly  advantageous  to  compute 
{(e,m,q~),Nf\VG{E'^)\£i,Ni)  [Eq.(15)]  directly,  rather  than  to  evaluate  the  many  terms 
in  the  expansion  on  the  right  hand  side  of  Eq.(30).  These  computations  can  be  done  by 
using  the  artificial  channel  method,  as  described  below.  This  method  [21-23]  rewrites  the 
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photodissociation  process  as  a  full  collision  problem  by  introducing  an  artificial  open  channel 
which  couples  to  the  initial  physical  bound  manifold.  As  a  result  the  artificial  channel  serves 
as  an  incoming  channel  of  an  artificial  full  collision  problem,  and  the  physical  continua  serve 
as  outgoing  channels.  The  resultant  full  collision  problem  is  then  amenable  to  treatment  by 
well  developed  full  collision  problem  techniques,  from  which  photodissociation  probabilities 
can  be  extracted.  This  artificial  channel  method  has  been  applied  to  single  and  multiphoton 
dissociation  problems  using  a  single  artificial  channel  configuration  [21],  and  to  high  field 
photodissociation  problems  using  a  one  [22]  and  two  artificial  channel  configuration  [23]. 
We  emphasize  that  while  the  single  artificial  channel  method  leads  to  the  direct  compu¬ 
tation  of  the  r-matrix  element  {{e,m,q-),Nf  |T|£.-,iVi),  using  the  two- artificial  channel 
arrangement  allows  us  to  exactly  compute,  as  we  show  here,  the  desired  photodissociation 
amplitude  [VG] A^,- ). 

The  essence  of  the  artificial  channel  approach  is  readily  explained.  First,  multiply  both 
sides  of  the  equation  G  =  Go  +  GV Go  [24]  by  V ,  yielding 

VG  =  VGo  +  VGVGo,  (51) 

where  Go  =  1/{E  —  Ho)-  Using  Eq.(51),  we  rewrite  the  transition  operator  T  =  V  +  VGV 
as 

T{E)  =  y  -H  VGo{E)V  +  VG{E)VGo{E)V.  (52) 

Now  introduce  two  artificial  states,  an  open  channel  |A)  and  a  closed  channel  |  h  )  where  the 
tilde  denotes  the  artificial  character  of  these  states.  The  physical  system  plus  the  two  arti¬ 
ficial  channels  now  comprise  a  full  collision  problem,  in  which  the  incoming  flux  flows  from 
the  artificial  open  channel  to  the  physical  continua.  The  dressed  state  \A,Ni)  is  (weakly) 
coupled  to  the  \ib,Ni)  by  an  artificial  interaction  {if,,  Ni\Wa\A^  Ni)  and  the  |£i„Ar,)  to  the 
physical  bound  manifold  l£fe,A^,  )  by  another  artificial  coupling  {ei„N{\Wi\ef„Ni).  The  po¬ 
tentials  Wa  and  Wf,  can  be  regarded  as  components  of  the  interaction  V  that  connect  \A,  Ni) 
to  I  if,,  Ni )  and  \  if,,  N, )  to  |  Sb,  Ni )  but  which  do  not  affect  the  couplings  between  the  physi¬ 
cal  states.  Further,  to  avoid  any  disturbance  to  |  £{, )  and  |  £{, )  due  to  the  introduction  of  the 
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artificial  interactions,  the  reverse  coupling  elements  (A^NilWalib^Ni)  and  {it,  Ni\Wb\eb,  N,) 
are  set  to  zero  in  the  computation.  All  couplings  between  the  physical  states  are  included  in 
the  computations,  including  absorption  and  stimulated  emission  processes  induced  by  the 
intense  lasers  between  bound-free  and  free-free  manifolds. 

We  now  show  that  the  computation  of  T-matrix  element  between  Nf  \  and 

I  A,  N{ )  allows  us  to  extract  the  photodissociation  amplitude  of  interest.  Consider  the  matrix 
element  ( ( £,  m,  q~),  Nf\T\  A,  Ni },  from  Eq.(52).  The  first  two  terms  in  the  right  hand  side 
are  zero  because  1  (e,  m,  5“),  Nj )  does  not  directly  couple  to  the  artificial  states  |  A,  N, )  and 
\ib,Ni).  The  third  term  in  Eq.(52)  can  be  rewritten,  given  that  V  couples  the  \A,Ni)  to 
I  ib,  Ni )  and  |  e^,  Ni )  to  1  N{ )  only,  as 


{{e,m,q-),Nj\TiE)\A,Ni) 


=  EE 


( (e.m, q-),  Nj  \VG{E)\ei, Ni){ct,Ni\Wt\h,  \W,\A, Nj) 


(53) 


h  E-e,-EN, 

To  simplify,  we  set  Wb  to  equal  unity,  and  |  ej, )  to  be  a  copy  of  the  initial  bound  manifold 
I  Sj ),  but  shifted  in  energy  by  an  amount  Eq-  The  advantage  of  this  choice  [23]  is  that  the 
summation  over  Sb  in  Eq.(53)  can  now  be  done  due  to  orthogonality  of  rovibrational  states 
in  the  same  electronic  state.  Substituting  E  =  e+  -f  Enj  ,  we  write  the  final  result  as 

((e,m,,  ),JVy|r(£+  +  £:«,)|A,Afi)-E - e*  +  E^,,  -  e,  -  E„,  -  E, 

(5i) 


Equation  (54)  has  the  same  structure  as  that  in  which  one  uses  one  artificial  channel  [22], 
so  that  the  previous  computational  techniques  are  applicable  with  minor  modifications. 
Specifically,  by  computing  the  residues  of  the  T-matrix  element  at  e  =  £i  +  +  E^  — 

E^ji  we  obtain  {{e,m,q~),Nf\VG{e'^  +  ENj)\£i,  Ni)  at  that  energy,  which  is  the  desired 
photodissociation  amplitude.  Varying  Eq  gives  the  photodissociation  amplitude  and  the 
line  shape  at  various  energy  e  for  given  photon  energies  and  coupling  strength.  The  total 
dissociation  yield  is  obtained  from  Eq.(17).  Note  the  advantage  of  the  original  artificial 
channel  idea,  that  the  desired  matrix  element  giving  the  photodissociation  amplitude  is 
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obtained  without  doing  the  integral  over  the  continuum  wavefunctions,  thus  avoiding  the 
difficult  problem  of  computing  oscillatory  integrands. 

The  theory  above  allows  us  to  study  photodissociation  dynamics  for  realistic  molecules. 
In  the  next  two  sections,  we  demonstrate  that  by  manipulating  the  intense-laser  induced 
interference  in  molecules,  one  can  significantly  alter  the  outcome  of  the  photodissociation 
process.  Results  shown  here  are  typical  of  those  obtained  in  a  wide  range  of  computations 
which  we  have  carried  out. 

III.  CONTROL  OF  PHOTODISSOCIATION:  ONE  PLUS  ONE  ARRANGEMENT 

A.  Control  of  The  Line  Shape  in  Na2 

As  an  example  of  the  one-plus-one  arrangement  we  first  consider  the  intense  field  disso¬ 
ciation  of  Na2,  where  excitation  is  out  of  a  previously  populated  level  j  e,- )  of  the  ^IIu  state. 
In  this  case  the  one-photon  absorption  (Fig.  1)  generates  products  Na(3s)-|-Na(4s)  and 
Na(3s)-}-Na(3p).  The  relevant  electronic  potentials  and  dipole  transition  functions  through¬ 
out  this  paper  are  taken  from  Ref.  [26]. 

Note  first  the  characteristics  of  dissociation  with  a  single  CW  laser  of  frequency  wi- 
Numerous  numerical  computations  [18]  show  that  the  computed  line  shape  A(e,  9,ni  — 
1|£,',  Til)  for  both  the  Na(3s)  d-  Na(3p)  and  Na(3s)  -H  Na(4s)  products  are  similar  in  structure, 
displaying  a  series  of  non-Lorentzian  peaks  and  dips  corresponding  to  stimulated  emission  to, 
and  absorption  from,  various  v,  J  states.  The  line  shapes  are  found  to  be  relatively  insensitive 
to  the  frequency  uji.  The  situation  is  quite  different  when  we  consider  dissociation  in  the 
presence  of  two  lasers,  one  of  frequency  uji  and  one  of  frequency  uj2,  arranged  as  shown  in 
Fig  1.  The  first  laser  couples  the  initially  populated  je,  )  state  to  the  continuum  and  the 
second  embeds  initially  empty  states  |  Sj  )  into  the  continuum  (see  Fig.  1).  Only  those  |  ej  ) 
that  are  located  around  £,•  -|-  —  UJ2)  are  found  to  be  effectively  excited  and  dissociated. 

Typical  lineshapes  are  shown  in  Figs.  3  and  4  which  display  log  A{£,q,Nj\ei,N{)  vs.  £  for 
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products  Na(3p)+Na(3s)  and  Na(4s)+Na(3s),  for  two  values  of  u\  with  the  same  0)2-  In 
Fig.  3,  u;i  =  15, 617  cm~^;  in  Fig.  4  wi  =  15, 683  cm“h  The  wi  laser  is  sufficiently  energetic 
to  dissociate  v  >  Vi  =  18  states  of  the  ^IIu  electronic  state,  and  the  u>2  laser  {0J2  =  14, 591 
cm“^,  I2  =  3.51  X  10^°  W/cm^)  can  dissociate  levels  u  >  26  of  the  to  both  products.  To 
expose  the  essential  physics  only  J  =  0  of  the  bound  manifold  and  J  =  1  of  the  continua  are 
included  in  the  computation  and  the  satellite  terms  are  not  included.  It  is  clear  that  with 
both  u>i  and  u>2  lasers  on  the  line  shape  is  dependent  on  the  asymptotic  channel  [compare 
curves  (a)  and  (b)  within  each  of  Figs.  3  and  4].  This  channel  dependence,  in  accord  with 
Eq.(40),  results  from  the  interference  characteristics  of  the  multiple  dissociation  pathways 
induced  by  wi  and  u>2.  Also  evident  is  a  dependence  on  the  frequency  Wi  [compare  Fig. 
3  with  Fig.  4].  This  behavior  is  in  direct  contrast  to  the  case  where  only  the  wi  laser  is 
operating,  where  the  line  shapes  are  not  sensitive  to  either  the  product  channel  index  q  or 
to  the  frequency  u>i . 

The  detailed  nature  of  Figs.  3  and  4  are  of  interest.  They  show  a  series  of  double  peak 
structures,  associated  with  the  dressed  states  u  =  18  and  v  =  26  pair  (the  first  double  peak), 
the  u  =  19  and  u  =  27  pair  (the  second  double  peak),  etc.  of  the  ^IIu  state.  The  ui  in 
Fig.  3  is  such  that  the  detuning  A  =  ^(wi  —  0^2)  +  £v=i8  ~  £v=26  is  less  than  0,  while  in 
Fig.  4,  A  is  greater  than  zero.  As  a  consequence  the  dominant  peak  (arising  from  the  u=18 
state)  is  located  on  the  left  in  Fig.  3,  and  on  the  right  in  Fig.  4,  of  the  u  =  26  peak.  The 
dip  in  the  middle  of  the  two  peaks  results  from  destructive  interference  between  the  two 
pathways.  A  similar  explanation  applies  to  the  second  and  third  sets  of  peaks.  Note  that 
while  the  locations  of  the  peaks  are  independent  of  the  channel  index,  the  ratio  of  the  heights 
of  the  peaks  and  the  locations  of  the  dips  strongly  depend  on  the  laser  frequencies  and  on 
the  channel  index  q.  This  being  the  case,  we  can  control  the  channel  specific  line  shape 
A(e,q,Nf\ei,Ni)  by  varying  wi  .  For  example,  a  comparison  of  Figs.  3  and  4  shows  that 
increasing  ui  shifts  the  dominant  peaks  to  higher  e,  with  products  at  e  «  9030  cm“^  strongly 
enhanced  and  products  at  £  «  8980  cm~^  suppressed.  The  line  shape  can  also  be  changed 
by  varying  laser  intensities  as  discussed  elsewhere  [18]. 
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In  Figs.  3-4,  rotational  and  satellite  contributions  were  set  to  zero  to  expose  the  basic 
interference  effect.  Including  rotations  leads  to  additional  peaks  in  the  line  shape.  We 
discuss  the  effect  of  rotational  contributions  to  the  control  of  the  total  dissociation  yields 
below.  Here  we  focus  on  the  effect  of  satellite  contributions. 

The  satellite  contributions  are  defined  as  those  contributions  which  cannot  be  controlled. 
They  can,  however,  be  minimized  by  proper  choice  of  the  laser  intensities  and  frequencies. 
Figure  5  shows  an  example  of  the  satellite  contributions  to  the  line  shape  for  the  same  laser 
parameters  as  in  Fig.  3,  except  for  UJ2  which  is  set  at  13,964  cm“^.  The  results  in  Fig. 
5  show  the  product  emerging  in  three  distinct  s  regions.  The  line  shapes  on  the  far  right 
(10500  <  e  <  10900  cm“^)  correspond  to  A{e,q,ni  —  2,n2  +  1  jet,  5^2)5  resulting  from 
the  dissociation  of  the  u  >  31  states  by  wi,  which  produces  both  Na(3p)-|-Na(3s)  [curve 
(a)j  and  Na(4s)+Na(3s)  [curve  (b)].  The  line  shape  on  the  far  left  (7300  <  e  <  7700 
cm“^)  shows  A{e,q,ni,n2  —  l|£i,ni,n2),  resulting  from  the  dissociation  of  u  >  u,-  =  18  by 
u>2,  which  is  only  sufficiently  energetic  to  produce  Na(3p)+Na(3s)  atoms.  The  line  shape 
in  the  middle,  A{€,q,ni  —  I,n2|£i,ni,n2),  which  resembles  that  in  Fig.  3,  comes  from 
interference  contributions,  i.e.  the  dissociation  of  |£,- )  by  u>i  plus  that  of  |  ej  )  by  UJ2.  Note 
that  while  the  satellite  contributions  display  the  characteristic  double-peak  structure,  due 
to  the  resonant  coupling  of  the  |  £j )  and  |  ej )  via  the  continuum,  they  are  not  channel- 
dependent  [compare  the  curves  at  the  far  right  to  those  in  the  middle  of  Fig.  5].  However, 
as  long  as  the  interference  contributions  substantially  exceed  the  satellite  contributions  we 
can  expect  channel-sensitive  control  over  the  line  shape  by  tuning  the  laser  frequencies. 

B.  Control  of  the  Branching  Ratios  in  Na2 

Results  in  the  last  section  show  that  two  high  field  lasers  with  appropriate  frequencies 
allow  for  novel  and  effective  q  dependent  control  oVer  A{e,  q,  Nf\ei,  ni,  n2).  Hence,  in  accord 
with  Eq.(17),  control  over  the  yield  P{q)  into  different  products  q  is  expected.  A  sample  of 
our  extensive  computations  [17,18]  displaying  yield  control  for  various  laser  frequencies  and 
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intensities  is  provided  below. 

To  demonstrate  the  essence  of  yield  control  we  again  first  ignore  rotational  effects  and 
satellite  contributions.  Figure  6  shows  the  total  dissociation  probability  P{(j)  a  function 
of  ui  for  both  the  Na(3s)+Na(3p)  [curve  (a)]  and  Na(3s)+Na(4s)  [curve  (b)]  products  for 
the  same  parameters  as  in  Fig.  3.  The  vertical  dotted  line  indicates  the  value  of  at  which 
h{ui  —  UJ2)  =  £v=26  -  £v=i8  with  J  =  0.  For  comparison  we  also  plot,  as  curves  (c)  and  (d), 
P{q)  for  Na(3s)+Na(3p)  and  for  Na(3s)+Na(4s)  for  the  case  where  the  a>2  laser  is  shut  off. 
In  the  one  laser  case  (a;2  intensity  set  equal  to  zero)  P{q)  is  seen  to  be  flat  as  wi  is  varied, 
in  contrast  to  the  two  laser  case  where  it  oscillates  strongly.  The  oscillations  for  the  two 
product  probabilities  in  Fig.  6  are  seen  to  be  out  of  pheise,  with  the  sum  of  dissociation 
probabilities  being  close  to  0.94.  Thus,  essentially  total  dissociation  is  obtained,  with  the 
ratio  of  the  products  varying  widely  between  the  two  channels  as  is  tuned.  For  example, 
the  probabilities  of  producing  Na(3s)+Na(3p)  and  Na(3s)+Na(4s)  at  loi  =  15,670  cm  ^  is 
10%  and  84%,  respectively,  but  the  reverse  situation  occurs  at  15,775  cm“^  ,  where 
86%  of  product  is  Na(3s)+Na(3p).  Thus,  varying  uj  provides  a  straightforward  method  of 
extensive  control  over  the  branching  ratio  into  final  product  channels. 

Figure  6  shows  two  periods  of  P{q)',  the  distance  between  the  peaks  (or  dips)  corresponds 
to  the  vibrational  spacing  between  v  =  26  and  27.  The  origin  of  this  oscillatory  behavior 
is  readily  evident:  as  ijJ\  increases  by  an  amount  equal  to  the  vibrational  spacing  with  102 
fixed,  [e,  )  couples  to  the  next  bound  state  |£j+i ).  In  essence,  then,  any  of  initially  empty 
bound  states  |  Sj  )  can  be  used  as  an  intermediary  in  a  path  which  interferes  with  the  direct 
dissociation  from  [e,  ).  This  convenient  feature  gives  the  experimentalist  a  wide  range  of 
possible  choices  of  and  U2,  with  no  loss  of  control. 

Changing  the  laser  power  alters  the  linewidths  of  the  power  broadened  bound  states, 
affecting  the  control.  By  reducing  the  laser  power  the  linewidths  narrow  and  |  £.- )  decouples 
from  I  £j )  when  the  sum  of  their  linewidths  becomes  smaller  than  the  detuning  A.  Sample 
effects  due  to  intensity  variation  are  discussed  in  Reference  [18],  as  is  the  demonstration 
that  tuning  U2  with  fixed  toi  results  in  equally  successful  control. 
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Significantly,  additional  computations  show  that  the  results  all  of  our  control  computa¬ 
tions  are  insensitive  to  the  relative  phase  of  the  u)i  and  u>2  fields,  a  result  which  is  consistent 
with  the  theory  discussed  above.  As  a  consequence,  the  two  lasers  need  not  be  phase  coherent 
in  order  to  achieve  control  Any  drift  or  jitter  in  the  laser  phase  in  a  practical  environment 
will  not  alter  the  outcome  of  the  control  experiment,  simplifying  experimental  conditions 
considerably. 

Consider  now  the  effect  of  including  rotational  states  and  satellite  terms.  Figure  7  shows 
results  which  include  both  rotational  terms  and  satellite  contributions.  Here  u,-  =  19,  J  =  0 
of  the  ^IIu  state.  Rotational  couplings  among  the  J  =  0,2  of  the  and  the  J  =  1,3  of 
the  l^IIp  and  2^2^  are  included  in  the  computation.  Control  over  the  product  probability 
remains  extensive,  with  the  ratio  of  the  probability  of  forming  Na(3s)  -f  Na(3p)  to  Na(3s) 
+  Na(4s)  ranging  from  0.3  to  3  as  loi  is  tuned. 

IV.  CONTROL  OF  PHOTODISSOCIATION:  TWO  PLUS  ONE  ARRANGEMENT 

A.  Control  of  the  Line  Shape  in  Na2 

In  the  above  scenario  one  photon  excitation  is  sufficient  to  excite  the  system  to  the  con¬ 
tinuum.  In  many  molecules,  and  particularly  in  a  thermal  environment,  it  is  advantageous 
to  do  two  photon  excitation  through  an  intermediate  resonance.  This  allows  selective  exci¬ 
tation  of  molecules  with  initial  thermally  distributed  populations.  In  this  section  we  display 
control  of  such  a  two  photon  dissociation  process.  Computations  are  presented  for  Na2, 
where  the  initial  state  is  the  ground  electronic  state,  unlike  the  previous  section  where  we 
assume  that  the  Na2  molecule  was  previously  prepared  in  a  bound  level  of  the  electronically 
excited  ^Hu  state. 

In  the  two  photon  scenario  the  molecule,  initially  in  a  bound  vib-rotational  level  j  £; )  of 
the  ground  electronic  state  absorbs  two  uj\  photons  and  in  doing  so  undergoes  a  transition  to 
the  continuum  |£,m,9“)  via  resonant  intermediate  states  [ej, ).  The  latter  are  themselves 
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comprised  of  a  superposition  of  ro-vibrational  states  associated  with  the  A^Tiu  and 
electronic  curves,  a  consequence  of  spin-orbit  coupling  [27].  Control  over  the  dissociation 
is  achieved  by  applying  another  laser  of  frequency  W2  (Fig.  2)  which  couple  the  continuum 
to  a  previously  unpopulated  level.  The  continuum  states  reached  in  the  two  photon  ex¬ 
citation  can  be  either  of  singlet  or  triplet  character  but  the  predominant  contributions  to 
the  products  Na(3p)-|-Na(3s),  Na(4s)-1-Na(3s)  and  Na(3d)-t-Na(3s)  are  found,  in  the  energy 
regime  of  interest,  to  come  from  the  22Sg  and  2^np  states  [27]  shown  in  Fig.  2.  Our 
computations,  however,  also  include  the  electronic  states  ^11^,  and  which  corre¬ 
lates  asymptotically  with  the  Na(3s)-fNa(3p)  atoms,  and  the  2^Sp,  which  asymptotically 
correlates  with  the  Na(3s)-t-Na(4s)  product  [27]. 

Consider  first  the  line  shape  ^(e,  $,  ni  -  2|£,-,  ni)  of  ‘pure’  two  photon  dissociation  result¬ 
ing  from  illumination  with  a  single  CW  laser  of  frequency  oji,  i.e.  with  the  intensity  of  the 
laser  U2  set  to  zero.  Under  these  circumstances  line  shapes  for  all  the  products  are  found  to 
be  similar  in  structure  [19].  The  situation  is  quite  different  in  the  presence  of  both  lasers. 
Figures  8  and  9  show  the  line  shape  as  log  A{e,q,ni  —  2, n2|£,-,ni,n2)  vs.  e  for  two  different 
values  of  a;2-  The  solid  line  corresponds  to  the  Na(3p)-t-Na(3s)  dissociation  product  and  the 
dashed  line  depicts  the  Na(4s)+Na(3s)  products. .  Here  the  intensity  of  the  control  laser  is 
I2  =  3.5  X  10^°  W/cm^,  at  the  frequency  uj2  =  14939.6  cm'Un  Fig.  8  and  14961.5  cm-^n 
Fig.  9.  As  in  the  above  scenario  of  greatest  importance  is  the  fact  that  the  U2  dependence  of 
the  line  shape  differs  for  the  two  product  channels  (compare  dashed  and  solid  curves  within 
the  same  figure),  and  that  the  lineshapes  are  u>2  dependent  (compare  Fig.  8  with  Fig.  9). 

The  introduction  of  the  U2  laser  results  in  a  four-peak  line  shape  structure  which  are  com¬ 
bined  contributions  from  the  dressed  states  |  £i ),  |  £j2  )  I  )•  The  structure  is  easily  un¬ 
derstood.  The  first,  third  and  fourth  peaks  in  the  region  26350  <  e  <  26500  cm-^are  associ¬ 
ated,  from  the  left  to  the  right,  with  the  resonant  contributions  of  the  dressed  [  £,■  )  and  |  ej^ ), 
respectively,  the  latter  being  a  doublet  due  to  spin-orbit  coupling  [27].  With  the  given  laser 
frequency,  the  |t;  =  0,  «7  =  0,  (j^i))  is  i'^  quasi-resonance  with  [u  =  14,  T  =  1,  ^u)t 

which  forms  a  doublet  by  spin-orbit  coupling  with  [u  =  19,  J  =  1,  ^Hu).  The  dissociation 
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of  these  states  contribute  to  the  three  peaks.  These  peaks  occur  in  the  absence  of  the  a>2 
laser.  The  additional  fourth  peak,  which  appears  as  the  second  in  the  set  of  four  peaks,  arises 
from  the  dissociation  of  the  |  )  level.  For  example,  the  dissociation  of  |  u  =  28,  J  =  1,  ) 

contributes  the  peak  at  e  =  2643-3  cm“Mn  Fig.  9  and  at  £  =  26453  cm“^in  Fig.  10.  A  com¬ 
parison  of  these  figures  show  that  increasing  causes  a  blue-shift  in  the  position  of  the 
second  peak  of  the  four-peak  structure,  as  well  as  a  change  in  the  peak  intensities.  The 
profound  effect  of  the  U2  laser  on  the  line  shape  is  due  to  the  interference  of  the  pathway 
induced  by  uj2  with  the  original  2-photon  dissociation  path. 

Computations  in  Figs.  8  and  9  only  include  J  =  0  of  J  =  1  of  and  ^IIu,  and 
J  =  0  of  the  continua.  In  cases  where  more  rotational  states  contribute,  as  with  initial 
higher  J,  the  multiple  rotational  states  lead  to  additional  peaks  in  the  line  shape  [19]. 

In  this  instance,  unlike  the  one-plu-one  arrangement,  varying  is  not  an  effective  way 
to  control  the  photodissociation  since  maintaining  resonant  excitation  with  the  intermediate 
bound  state  is  useful  to  enhance  the  photodissociation  probability. 

B.  Control  of  the  Branching  Ratios 

Integrating  A{e,q,ni  -  2, n2|£i, ni,  112)  over  e  [Eq.  (17)]  for  various  U2  gives  P{q)  as  a 
function  of  U2.  Having  demonstrated  that  control  over  the  line  shape  is  indeed  possible,  we 
now  show  that  extensive  control  over  the  relative  cross  section  for  production  of  the  different 
products  q  can  be  achieved  as  well. 

Figure  10  shows  the  channel  specific  dissociation  probability  P{q)  as  a  function  of  LO2  for 
the  Na(3s)-fNa(3p)  [curve  (a)],  Na(3s)+Na(4s)  [curve  (b)]  and  Na(3s)-|-Na(3d)  [curve  (c)] 
products,  where  the  initial  state  is  u,-  =  0,  Ji  =  0  of  the  state.  The  laser  parameters  are: 
LOx  =  17880.2  cm"^  h  =  3.16  x  10®  W/cm^  and  I2  =  2.75  x  10^  W/cm^.  To  demonstrate 
the  essential  physics  we  only  include  the  rotation  states  J  =  0  of  J  =  1  of  and  ^Hu, 
and  J  =  0  of  the  continua  in  the  computation  (the  inclusion  of  rational  states  are  discussed 
below).  For  most  values  of  u;2,  the  Na(3s)-|-Na(3d)  product  dominates.  For  example,  in  Fig. 
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10  with  a;2=13340  cm“\  the  probabilities  of  generating  the  Na(3s)+Na(3d),  Na(3s)+Na(4s) 
and  Na(3s)+Na(3p)  products  are  11.8  %,  0.24  %  and  0.06  %,  respectively.  These  are  close 
to  the  corresponding  values  of  P{q)  for  ‘pure’  2-photon  dissociation  with  the  W2  laser  off, 
which  are  11  %„  0.3  %  and  0.10  %.  However,  the  situation  is  quite  the  opposite  when  W2  is 
tuned  to,  for  example,  13328  cm"\  where  the  Na(3s)H-Na(3p)  product  cross  section  is  5,6 
times  larger  than  the  Na(3s)-|-Na(3d)  (see  Fig.  10). 

Figures  10  shows  that  P{q)  is  an  almost  periodic  function  of  0^2?  with  the  period  being 
the  vibrational  spacings  at  energy  The  change  in  P{q)  as  a  function  of  W2  results  from 
the  change  in  product  distribution  induced  by  uj2  laser.  The  strong  redistribution  among 
the  dissociation  products  occurs  when  uj2  satisfies  the  equation 

d"  ^^2  ~  Sji  T  (55) 

That  is,  the  effective  overlap  between  |  )  and  |  )  strongly  enhances  the  interference 

between  the  dissociation  pathways,  and  thus  the  control  at  these  ^2  values  is  profound.  With 
LOi  fixed,  the  increase  (decrease)  in  u>2  by  an  amount  equal  to  ~  ^h)  brings 

the  level  |£j2-i )  (l^ia-t-i ))  close  to  equality  in  Eq.(55).  Therefore  P{q)  as  a  function  of  102 
shows  an  almost  periodic  structure,  with  the  period  equal  to  the  vibrational  spacing.  This  is 
indeed  evident  in  Figure  10.  Here  the  distance  in  ijJ2  values  between  the  two  Na(3s)-(-Na(3d) 
dips  corresponds  to  the  vibrational  spacing  between  v  =  89,  J=1  and  v  =  90,  J=1  of  the 
In  essence,  then,  as  in  the  one  plus  one  arrangement,  any  of  the  unpopulated  bound 
states  I  )  can  be  used  to  provide  the  second  pathway  which  interferes  with  the  direct 
two  photon  dissociation  pathway  from  [e,  ).  This  is  a  convenient  feature  which  gives  the 
experimentalist  a  wide  range  of  possible  choices  of  a;2,  with  no  loss  of  control. 

Initiating  excitation  from  states  with  higher  initial  J  leads  to  more  complex  control 
patterns.  Figures  11  demonstrates  such  an  example,  which  shows  P{q)  as  a  function  of 
LO2  for  each  of  the  three  products  Na(3s)+Na(3p)  [denoted  P(3p)],  Na(3s)-fNa(4s)  [denoted 
P(4s)]  and  Na(3s)+Na(3d)  [denoted  P(4s)]  products.  The  initial  state  [e,  )  is  chosen  to  be 
Vi  =  0  and  J,-  =  32  (Fig.  12).  The  computations  include  the  J  =  31,  33  of  the  and 
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and  the  J  =  32,  J  =  34  of  the  continua,  with  loi  =  17720.8  cm”\  and  the  intensities 
Ii  =  1.72  X  10®  W/cm^  and  I2  =  2.84  x  10®  W/cm^. 

In  Figs.  11(a)  and  11(b)  there  are  four  peaks  in  P{Zp)  and  P(4s),  and  in  Fig.  11(c) 
there  are  four  dips  in  P{Zd),  as  U2  is  tuned.  Similar  to  the  structure  in  Figs.  10,  it  is 
due  to  the  contributions  from  numerous  rotational  states.  Given  the  relatively  weak  laser 
intensities  here,  the  power-broadening  in  each  of  the  rotational  states  is  found  smaller  than 
the  spacing  between  the  high  rotational  states  J  =  31  and  J  =  33.  Thus,  as  0^2  is  varied, 
the  two  rotational  components,  J2=31  and  33,  of  the  |  Vj^ )  level,  successively  overlap  with 
the  two  rotational  components,  Ji  =  31,  33,  of  the  |  Vj^ ),  generating  the  four-peak  structure 
in  the  controlled  dissociation  probabilities.  The  first  peak  in  Figs.  11(a)  and  11(b)  (and  the 
first  dip  in  Fig.  11(c))  is  due  to  the  overlap  of  the  dressed  Ji  =  31  and  J2  —  33  states,  the 
second  due  to  Ji  =  31  and  ^2  =  31,  and  the  third  due  to  Ji  =  33  and  J2  =  33.  This  behavior 
is  typical  of  that  observed  in  the  numerous  computations  which  we  have  performed. 

Further  computations  show  that  excitations  out  of  different  initial  states  produce  curves 
similar  to  those  in  Fig.  11,  but  with  extrema  at  different  frequencies.  Thus,  excitations 
out  of  a  thermally  weighted  distribution  of  initial  states  is  expected  to  show  control,  but 
with  numerous  peaks  and  valleys,  as  a  function  of  0^2 •  This  is  indeed  in  accord  with  recent 
experiments  [9]. 


V.  SUMMARY 

We  have  described  a  general  approach  to  controlling  molecular  photodissociation  using 
intense  laser  fields.  The  approach  relies  upon  the  generation  of  numerous  interfering  excita¬ 
tion  pathways  to  the  continuum  by  two  lasers  whose  frequencies  are  resonant  with  one  and 
two  photon  absorption  to  the  continuum.  The  resultant  technique  allows  for  control  over 
molecular  photodissociation  without  concern  for  experimental  difficulties  associated  with 
maintaining  relative  laser  coherence  and  cooling  the  molecules  to  reduce  thermal  population 
effects.  In  applications  to  Na2  the  resultant  control  is  seen  to  be  extensive,  allowing  for 
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significant  redistribution  amongst  products  by  varying  the  frequencies  of  the  incident  lasers. 
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FIGURES 

FIG.  1.  Na2  potential  energy  curves.  Only  the  major  contributors  to  the  one  plus  one  controlled 
dissociation  are  included  in  the  figure.  For  additional  curves  included  in  the  computation,  see  Ref. 
17.  Two  lasers,  of  frequencies  ui  and  L02t  couple  the  dissociation  continua  to  the  bound  states 
|£,}  and  \£j)  in  the  state,  where  the  |£j)  is  initially  populated  and  the  |£j)  are  initially 
unpopulated.  Here  A  =  h{oJi  —  0J2)  +  £i  —  £j. 

FIG.  2.  Relevant  potential  energy  curves  of  Na2  included  in  the  computations  for  two  plus  one 
arrangement.  The  resonant  two  photon  dissociation  occurs  by  coupling  the  bound  states  |  £{ )  with 
the  u)i  laser  to  the  dissociation  continua  via  intermediate  states  |  Sjj ).  The  control  laser  L02  couples 
the  continua  to  the  bound  states  |  £j^ )  which  is  initially  unpopulated. 

FIG.  3.  log  A(£,g,  ni  —  I,n2|£,-,ni,n2)  vs.  £,  with  two  lasers  on.  (a)  Na(3s)+Na(3p)  product 
and  (b)  Na(3s)+Na(4s)  product.  Here  uji  =  15,617  cm“^,  u)2  =  14,591  cm~^,  Ii  =  8.7  x  10® 
W/cm^  and  I2  =  3.5  x  10^°  W/cm^,  and  the  detuning  A  =  -W2)  +  £v=i8  —  £v=26  <  0.  Initially 

the  molecule  is  in  u,-  =  18,  J  =  0  of  the  ^n„  state.  Rotational  and  satellite  couplings  are  set  to 
zero. 

FIG.  4.  As  in  Figure  3,  but  with  cji  =  15,683  cm~^so  that  A  =  h(u;i  —  u’2)  +  ^v=i8  ~  £v=26  >  0- 

FIG.  5.  As  in  Figure  3,  but  with  W2  =  13,964  cm“^  and  with  the  inclusion  of  satellite  contri¬ 
butions.  The  far  left  displays  A(£,q,ni,n2  —  l\ti,ni,n2),  the  middle  A{£,q,ni  —  I,n2|£,-,ni,n2), 
and  the  far  right  A(£,  q,  ni  —  2,  n2  -|- 1|£,-,  ni,  712). 

FIG.  6.  P{q)  as  a  function  of  In  (a)  and  (b)  both  lasers  are  on,  while  in  (c)  and  (d) 
the  ijJ2  laser  is  off.  (a)  and  (c)  show  the  Na(3s)+Na(3p)  product  whereas  (b)  and  (d)  show  that 
Na(3s)-1-Na(4s)  product.  The  molecule  is  initially  in  Ui  =  18,  J  =  0  of  the  ^H^  state;  rotational 
and  satellite  terms  are  neglected. 
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FIG.  7.  Probability  of  forming  (a)  Na(3s)+Na(3p)  and  (b)  Na(3s)+Na(4s)  as  a  function  of  Wi, 
with  0^2  =  13,964  cm-\  h  =  8.7  x  lO"  W/cm^  and  h  =  3.51  x  10^°  W/cm^.  The  molecule  is 
initially  in  Vi  =  19,  J  =  0  of  the  electronic  state  and  h{u>i  -  1^2)  +  (£v=i9  -  ^v=z\)  =  0  at  wi  = 
15,514  cm“^.  Both  satellite  terms  and  rotational  couplings  are  included. 

FIG.  8.  log  A(£,g,Tii  -  2,n2|£,-,nx,n2)  vs.  £,  with  two  lasers  on.  (a)  Na(3s)+Na(3p)  product 
and  (b)  Na(3s)+Na(4s)  product.  Here  W2  =  14939.6  cm“^,  and  the  intensity  I2  =  3.5  x  10 
W/cm^,  u;i=16154.7  cm"^  and  /i=8.7xl0^  W/cm^. 

FIG.  9.  As  in  Fig.  8,  but  with  W2=  14961.5  cm"^ 

FIG.  10.  P{q)  as  a  function  of  u}2-  {^)  for  Na(3s)+Na(3p)  product,  (b)  for  the 

Na(3s)+Na(4s)  product,  and  (c)  for  the  Na(3s)+Na(3d)  product.  The  molecule  is  initiaUy  in 

_  0,  j-  =  0  of  the  state.  wi  =  17880.2  cm"\  h  =  3.16  x  10®  W/cm^,  and  I2  =  2.75  x  10^ 

W/cm^. 

FIG.  11.  P{q)  as  a  function  of  W2,  with  rotational  couplings  included.  (a)  for  the 
Na(3s)+Na(3p)  product,  (b)  for  the  Na(3s)+Na(4s)  product,  and  (c)  for  the  Na(3s)+Na(3d)  prod¬ 
uct.  The  molecule  is  initially  in  Vi  =  0,  Ji  =  32  of  the  state.  ui  =  17720.8  cm-\  h  =  1-72  x  10® 
W/cm^,  and  I2  =  2.84  x  10®  W/cm^. 
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Abstract 

Theory  of  Coherent  Control  of  Above  Threshold  Ionization  (ATI)  of  Hydrogen 
using  light  fields  composed  of  a  fundamental  frequency  and  its  third  harmonic, 
is  developed.  Phase  control  and  intensity  control  over  integral  and  differential 
quantities  is  demonstrated.  Modulation  of  the  first  ATI  kinetic  energy  peak 
height  by  more  than  70  %,  variation  in  the  first  two  peaks  ratio  of  up  to  a 
factor  of  4,  and  separation  in  the  alignment  of  the  first  two  ATI  peaks  by  as 
much  as  ~  50°,  as  a  function  of  the  relative  phase  between  the  two  fields,  are 
demonstrated.  Intensity  control,  in  which  both  partial  and  total  integral  ATI 
rates  attain  a  local  maximum  at  a  specific  combination  of  light  intensities,  is 
predicted  to  occur. 
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The  possibility  of  Coherent  Control  (CC)  [1]  of  Above  Threshold  Ionization  (ATI)  by  in¬ 
terfering  two  frequencies  has  attracted  both  experimental  [2-6]  and  theoretical  [7-14]  interest 
in  the  last  few  years.  Early  on,  two-color  schemes  were  used  to  modify  the  ponderomotive 
shifts  of  ionization  thresholds  [2,3,7].  In  such  studies  a  combination  of  a  strong  (typically  ir) 
laser,  used  to  shift  the  ionization  potential,  and  a  weaker  uv  laser,  used  to  ionize  the  atom, 
was  often  considered.  Subsequent  works  dealt  with  the  use  of  a  fundamental  frequency  and 
its  second  harmonics  [4-6,8,10,11,13]  (the  “1-1-2”  scenario)  [15,16],  or  the  use  of  a  funda¬ 
mental  frequency  and  its  third  harmonics  [8-10,12,14]  (the  “H-3”  scenario)  [17—19].  Control 
was  achieved  with  respect  to:  the  modulations  of  both  the  total  ionization  rate  and  the  rela¬ 
tive  magnitude  of  the  different  ATI  kinetic  energy  peaks  [4,9-12,18];  the  backward/forward 
ratio  [15,16]  of  photo-electrons  [5,6,8,11];  the  transition  from  the  multiphoton  regime  to  the 
tunneling-ionization  regime  [6,11,13],  and  stabilization  induced  by  very  intense  fields  [14]. 

The  above  studies  have  mainly  concentrated  on  varying  the  relative  phase  of  the  two 
beams  at  fixed  intensities.  This  type  of  control  may  be  termed  phase  control.  Following  the 
general  guidelines  of  CC  theory  [1,17],  we  know  that  the  two-color  interference  effects  ought 
also  to  be  a  sensitive  function  of  the  intensity  ratio.  This  type  of  control  may  be  termed 
intensity  control.  In  this  paper  we  explore  the  combination  of  phase  and  intensity  control  on 
ATI  processes.  We  show  that  through  this  combination  we  achieve  a  dramatic  improvement 
in  the  control  and  altogether  new  effects.  In  particular  we  demonstrate  “l-f3”  control  over 
integral  ia,tes  (e.g.  partial  and  total  ionization  rates),  as  well  as  differential  quantities  such  as 
the  the  angular  alignment  of  each  ATI  kinetic  energy  peak.  The  demonstration  is  achieved 
by  performing  numerically-exact  computations  of  3D  Hydrogen  in  a  strong  electromagnetic 
field,  using  the  Artificial  Channel  Method  [21-23]. 

The  essence  of  CC  [1]  is  the  coherent  interference  between  different  pathways  leading  to 
the  same  final  state.  CC  interference  effects  can  generally  be  classified  according  to  whether 
the  same  angular  momentum  ( 1)  states  or  different  I  states  contribute  to  a  given  asymptotic 
channel  [20] .  In  general,  paths  involving  the  same  I  states  allow  for  integral  control  while 
paths  involving  different  I  states  result  in  differential  control. 
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As  shown  in  Fig.  1,  in  the  present  work  both  types  of  interferences  are  considered. 
Depicted  are  possible  pathways,  such  as  the  two-photon  pathways  associated  with  the  S=0 
peak,  which  involve  the  same  I  states  ( /  =  0  and  the  1  =  2),  leading  to  integral  control,  and 
possible  pathways,  such  as  those  contributing  to  the  the  S=1  peak,  which  involve  different 
I  states,  leading  mainly  to  differential  control. 

We  first  present  results  of  integral  (Fig.  2)  and  differential  (Fig.  3)  phase  control,  in 
which  control  is  achieved  by  varying  the  relative  phase  of  the  two  beams.  Though  in  this  part 
we  keep  the  intensities  constant,  the  magnitude  of  the  effect  depends  strongly  on  the  actual 
intensity  values  chosen.  Therefore,  two  sets  of  intensities  are  considered:  One  intensity  set, 
“set  A”,  defined  as,  I{uj)  =  6.216  x  10"^  a.u.,  /(Sen)  =  3.108  x  IQ-^  a.u.,  results  in  good 
integral  control.  In  contrast,  the  other  intensity  set,  “set  B”,  for  which  I{u})  =  6.216  x  10“^ 
a.u.,  I{Zuj)  =  1.554  X  10““^  a.u.,  gives  rise  to  good  differential  control. 

Figure  2  shows  the  variation  of  the  rates  for  the  first  three  ATI  kinetic  energy  peaks 
as  a  function  of  the  phase  between  the  two  lasers.  For  set  A  intensities  (Fig.  2a),  a  large 
modulation  (of  more  than  70%)  in  the  S=0  ionization  rate  is  obtained.  [The  percentage- 
modulation  is  defined  as  (Imax  -  Imin)/Imax]-  In  addition,  the  ratio  between  the  first  two 
kinetic  energy  peaks  can  be  made  to  vary  by  as  much  as  4.  (See  the  right-hand  scale  of 
Fig.2a.)  In  contrast,  for  set  B  intensities  shown  in  Fig.2b,  the  relative  phase  seems  to  have 
only  a  minor  effect  on  the  partial  ionization-rates. 

Figure  3b  demonstrates  differential  control  in  which  directional  separation  of  two  ATI 
kinetic  energy  peaks  is  achieved.  This  is  accomplished  by  diverting  one  of  the  ATI  peaks 
(the  S=1  peak)  away  from  the  polarization  direction.  We  see  that  contrary  to  the  “1-1-2” 
scenario  [4-6,8,10,11,13]  which  leads  to  change  in  backward/forward  ratio  (i.e.  orientation) 
[15,16],  the  “l-f-3”  scenario  used  here  leads  to  change  in  alignment. 

The  degree  of  control  over  the  alignment  is  calculated  using  the  expression  for  the  dif¬ 
ferential  rate  to  a  specific  final  kinetic  energy.  Assuming  that  we  start  from  I  =  0  bound 
states,  the  differential  rate,  dR/dQ,  is. 
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(1) 


In  the  above,  9  is  the  angle  between  the  polarization  direction  and  that  of  the  ejected 
electron,  k  is  the  magnitude  of  the  momentum  of  the  ejected  electron,  rji  is  the  Coulombic 
phase  shift  {tji  =  argVil  +  1  +  i/k) ),  and  Tifi{k)  are  the  T  matrix  element  between  the 
bound  and  each  of  the  scattering  states  correlating  asymptotically  with  an  I  partial  wave 
and  a  k  momentum  value. 

Figure  3  shows  the  differential  rates  as  a  function  of  the  spatial  angle  and  the  relative 
phase  between  the  lasers,  for  the  S=0  and  S=1  peaks,  at  set  A  intensities  (left  hand  side), 
and  set  B  intensities  (right  hand  side).  For  set  A  we  see  that  although  the  S=0  peak  does 
depend  on  the  relative  phase,  both  the  S=0  and  S=1  peaks  remain  centered  about  9  =  0 
for  all  phases.  In  contrast,  for  set  B  the  two  peaks  behave  differently,  the  S=1  peak  varies 
strongly  with  cx,  while  the  S=0  angular  distribution  is  almost  invariant  to  oc.  Thus,  at  ex  2 
radians  the  S=1  peak  is  maximal  at  6>  =  50°  and  minimal  in  the  polarization  direction 
(6>  =  0°).  For  a  =  5  radians  the  S=1  angular  dependence  is  reversed.  Because  the  S=0 
peak  is  essentially  zero  for  9  ^  50° ,  tuning  the  (X  phase  to  2  radians  results  in  dramatic 
directional  control. 

The  effect  we  have  just  described  illustrates  the  power  of  the  present  scenario  in  con¬ 
trolling  ATI  processes.  Past  one-  and  two-color  ATI  schemes  [5,6,11,22]  result  in  the  photo¬ 
electrons  being  ahgned  about  the  field  polarization  direction  [24].  (See  however  [27]).  By 
using  “1-1-3”  interferences  we  are  able  to  completely  divert  the  alignment  of  a  specific  ATI 
kinetic  energy  peak  (S=l  in  this  case)  away  from  the  polarization  direction. 

In  Fig.  4  we  demonstrate  a  different  effect,  that  of  intensity  control  over  integral  partial 
(and  total)  ionization  rate.  In  Fig. 4a  we  plot  the  rates  of  the  first  three  ATI  kinetic  energy 
peaks  as  a  function  of  I{uj)  in  the  presence  and  absence  of  the  second  laser  (of  frequency 
3a;).  In  Fig.4b  we  scan  the  3a;  laser  intensity  while  keeping  J(a;)  constant.  We  note  that 
when  the  intensity  of  one  of  the  lasers  is  very  high  with  respect  to  the  other,  the  2-color 
rates  converge,  as  they  should,  to  the  1-color  rates,  which  rises  monotonically  with  intensity. 
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In  contrast,  the  2-color  rates  attain  a  maximum  at  at  a  parti c«/ar  combination  of  intensities, 
irrespective  of  the  value  of  the  relative  phase  (which  is  kept  constant  at  o;  =  0 ). 

The  resonant-type  behavior  of  the  ionization  rate  is  a  result  of  constructive  interference 
between  the  ji?  =  1,  i  =  1,  —  3,  nzij  >  and  |iS  =  1,  i  =  1,  n^,  —  1  >  dressed  continuum 

states.  In  the  above,  and  represent  the  initial  number  of  the  u  and  3a;  photons.  As 
illustrated  in  Fig.  1,  the  S=1  peak  serves  as  “doorway”  state  to  all  other  ATI  peaks.  Hence 
the  resonance  between  the  above  two  states  affects  all  other  ATI  peaks. 

We  speculate  that  the  ionization  rates  attain  a  local  maximum  because  at  the  specific 
values  of  intensities  of  Fig.  4  the  AC  Stark  shifts  associated  with  the  above  two  states  are 
identical.  In  support  of  this  hypothesis  we  note  that  the  ionization  rates  attain  a  local  max¬ 
imum  whenever  Up{u)  —  Up{3uj)  -  the  1-photon  minus  the  3-photon  classical  ponderomotive 
potentials  -  given  as  27^e7(w^ec)[/(a;)/a;2  -  I{3u)/9u^]  equals  the  same  (~  4.2  x  10“^  a.u.) 
value.  It  appears  that  whenever  the  ponderomotive  potentials  differ  by  this  amoimt  the 
actual  AC  stark  shifts  of  the  two  levels  are  identical,  giving  rise  to  resonance  between  the 
two  dressed  states.  This  point  must  however  be  clarified  further. 

In  conclusion,  we  have  shown  that  extensive  integral  and  differential  CC  of  ATI  processes 
is  attainable,  provided  a  judicious  choice  of  relative  intensities  is  made.  Most  striking  is  the 
demonstration  of  directional  separation,  by  as  much  as  ~  50°,  of  one  ATI  kinetic  energy  peak 
from  another,  and  the  diversion  of  the  alignment  away  from  the  light  polarization  direction. 
Of  great  importance  too  is  the  demonstration  of  intensity  control  in  which  both  partial  and 
total  integral  ATI  rates  attain  a  maximum  at  a  specific  combination  of  light  intensities. 
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FIGURES 

FIG.  1.  Present  scheme  for  CC  of  Hydrogenic  ATI  electrons.  Drawn  are  the  ground  state  (Is) 
dressed  with  big-photons  and  n^j  small-photons,  the  threshold  limit  (broken  line),  and  the 
positions  of  the  first  three  ATI  peaks.  Also  shown  are  the  number  of  u  and  3a;  photons  connecting 
the  ground  state  with  each  of  the  ATI  continuum  states  and  the  Z-values  involved. 

FIG.  2.  Integral  control  of  the  ATI  peaks  as  a  function  of  the  phase  between  the  two  lasers  for 
intensity  sets  A  and  B. 

FIG.  3.  Differential  rates  for  the  S=0  and  S=1  peaks  as  a  function  of  the  relative  phase  between 
the  lasers,  for  intensity  sets  A  and  B. 

FIG.  4.  Ionization  rates  of  the  first  three  ATI  peaks  for  a  fixed  phase  (a  =  0)  as  a  function  of, 

a)  /(a;),  at  a  fixed  value  of  7(3a;)  (=  3.108  x  10“^  a.u.  ); 

b)  I(3a;),  at  a  fixed  value  of  /(a;)  (=  1.10  x  10“^  a.u.  ). 

Also  plotted  are  the  1-color  results.  (The  number  in  parenthesis  distinguishes  between  the  1  and 
2  color  cases). 
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Abstract 


Control  over  product  probabilities  and  channel  specific  line  shapes  in  res¬ 
onant  two  photon  dissociation  is  shown  to  result  firom  quantum  interference 
effects  induced  by  illumination  with  a  second  laser.  Control  over  product 
yield  and  selectivity  is  achieved  by  varying  the  frequency  of  this  control  laser, 
which  need  not  to  be  coherent  with  the  excitation  laser.  Computations  on 
Na2  photodissociation  show  that  control  over  product  selectivity  is  extensive. 

I.  INTRODUCTION 

Developing  methods  to  control  atomic  and  molecular  systems  using  lasers  has  been  the 
subject  of  great  interest  [1]-  [12] .  Coherent  control  provides  a  fundamental  principle  by  which 
this  goal  can  be  reached.  Specifically,  by  exciting  a  system  with  several  lasers  we  induce  a 
number  of  pathways  to  the  same  final  state.  These  pathways  interfere,  the  interference  term 
being  a  function  of  the  final  product  channel  and  the  laser  parameters.  By  varying  these 
laser  parameters  one  alters  the  interference  terms  and  hence  the  cross  section  to  produce  a 
particular  product  (or  to  achieve  a  particular  goal).  Experimental  results  [7]  support  the 
validity  of  this  approach  and  computational  results  have  indicated  a  wide  range  of  achievable 
control. 
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Most  recently  we  have  shown  [11,12]  that  intense  laser  fields  can  be  used  to  introduce 
nonlinear  phenomena  which  allow  novel  and  effective  control  scenarios.  Specifically,  we 
showed  that  one  can  control  channel  specific  line  shapes  and  photodissociation  branching 
ratios  using  two  color  irradiation  with  intense  lasers.  Control,  which  results  from  quan¬ 
tum  interference  between  optically  induced  excitation  routes,  is  achieved  by  changing  the 
frequencies  of  the  two  intense  lasers.  Significantly,  unlike  coherent  control  scenarios,  the 
relative  phase  of  the  two  lasers  need  not  be  well  defined  since  the  laser  phases  transferred 
to  the  molecule  cancel  in  the  multiphoton  pathways  induced  by  intense  fields.  We  term  this 
control  principle  “incoherent  interference  control” . 

Previously  [11,12]  we  showed  that  laser  induced  interference  control  can  be  effectively 
used  to  control  molecular  one  photon  dissociation.  Here  we  study  control  of  resonant  two 
photon  dissociation.  The  resonant  character  of  the  two  photon  process  not  only  greatly 
enhances  the  dissociation  probability,  but  also  provides  selective  excitation  of  molecules  out 
of  the  thermal  distribution,  a  feature  which  is  of  great  use  in  the  control  of  reactions  in  a 
thermal  environment.  Indeed,  the  scenario  described  herein  is  being  successfully  apphed  in 
an  experimental  study  of  photodissociation  of  Naa  in  a  heat  pipe  [13]. 

The  control  scenario  operates  as  follows.  Consider  a  molecule  in  an  initial  bound  state 
I  Ei )  which  absorbs  two  photons  of  frequency  u)\  and,  in  doing  so,  is  excited  to  a  contin¬ 
uum  I  £,  m,  g” )  via  a  resonant  intermediate  state  ]  ).  Here  |  e,  m,  q~ )  are  exact  molecular 

eigenstates  describing  the  continuum  which  yields  product  in  arrangement  channel  q,  energy 
E  and  quantum  numbers  m.  The  outcome  of  this  photodissociation  process  can  be  controlled 
by  applying  a  “control  laser”  U2  which  couples  initially  unpopulated  bound  states  ]  )  to 

the  same  continuum.  With  both  lasers  on,  dissociation  to  |  e,  m,  q~ )  occurs  via  numerous 
dissociation  pathways.  To  lowest  order  these  are  the  routes  j  Sj )  j  Sji )  ]  e,  m,  q~ )  as 

well  as  I  £i )  -^  I  )  -^  1  e',  m',  q'~)  -^  \  )  ^  |  e,  m,  g“ ).  Contributions  from  these  multi¬ 

ple  pathways  to  the  product  in  a  given  channel  q  at  energy  e  interfere  (either  constructively 
or  destructively)  with  one  another.  Varying  the  frequency  and  intensity  of  the  control  laser 
alters  the  interference  and  hence  the  dissociation  line  shape  and  the  yield  of  product  into  a 
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given  channel. 

The  theory  of  this  two  photon  plus  one  photon  control  scenario  is  described  in  Section  II. 
Numerical  examples  on  the  control  of  Na2  two  photon  dissociation  are  presented  in  Section 
III. 


II.  CONTROLLED  TWO-PHOTON  DISSOCIATION:  THEORY 

Recently,  we  described  a  general  theory  [12]  of  molecular  photodissociation  using  intense 
CW  radiation  fields.  The  theory  enables  us  to  exactly  compute  the  photodissociation  prob¬ 
ability,  and  can  be  applied  to  single  and  multiphoton  dissociation  processes.  Here  we  focus 
on  control  of  two-photon  dissociation. 

Consider  a  molecule  with  Hamiltonian  Hm  interacting  with  a  radiation  field  with  Hamil¬ 
tonian  Hr  through  potential  V.  The  total  Hamiltonian  H  is  then  given  by: 

H  =  +  Hr  +  V  =  Hq  +  V.  (1) 

Absorption  of  a  sufficient  number  of  photons,  corresponding  to  a  transition  from  the  molec¬ 
ular  bound  state  [£&)  to  the  continuum  jg,  m,  g“),  leads  to  dissociation.  Here  and 
\e,  m,  q~)  are  eigenstates  of  Hm  with  discrete  energy  Sb  and  continuous  energy  e,  respec¬ 
tively.  The  minus  superscript  denotes  incoming  boundary  conditions,  i.e.  that  at  large 
t  the  states  exp{-iet/h)\e,m,q-)  approach  exp{-i£t/fi)\e,in.,q)  where  l£,m,9)  describes 
the  product  fragments.  Specifically,  [s,  m,  q)  is  an  eigenstate  of  Hm  with  the  dissociation 
products  separated  by  large  distance  from  one  another. 

The  presence  of  CW  radiation  is  conveniently  described  by  the  number  eigenstates  of 
Hr: 

HR\Nk)  =  Hr\  =  En, \Nk)  (2) 

with  energy  En^  =  Ei  n\’"hui.  The  letters  A:  =  i  and  /  are  used  to  label  the  initial  and  final 
states,  respectively.  The  eigenstates  of  Hq  =  Hm  +  Hr  are  a  direct  product  of  the  molecular 
and  photon  states;  e.g.,  |(£,m,g"),  A/)  =  \£,Ta,q-)\Nf). 
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The  molecule-radiation  interaction  V  can  be  expressed  in  the  dipole  approximation  as 

£  =  iY^€i{eiai-Qla\),  (3) 

i 

where  fx  is  the  electric  dipole  operator,  £  is  the  amplitude  of  the  radiation  electric  field, 
ei  =  {2'k%uiI ,  ei,  ui  are  the  polarization  vector  and  angular  frequency  of  mode  I, 
respectively,  and  ai,  aj  are  photon  annihilation  and  creation  operators. 

The  dynamics  of  photodissociation  is  completely  described  by  the  fully  interacting  state 
Ke,  m,  g~),  N^),  which  is  an  eigenstate  of  the  total  Hamiltonian  H, 

H\{e,m,q~),Nk)  =  (e-l-£^jvJ|(£,ni,g"),A^j^).  (4) 

The  minus  superscript  on  Nk  indicates  that  when  the  radiative  interaction  V  is  switched 
off  the  state  \{e,in,q~),Nk)  becomes  the  non-interacting  state  |(e:,na,  g“),  These 

\{e,m,q~),Nk)  states  satisfy  the  Lippmann- Schwinger  equation  [14], 

{{e,m,q~),Nk\  =  {{€,in,  q~),Nk\  +  q~),  Nk\VG{e'^  +  En^)  (5) 

where  G(E)  =  1/{E  —  H)  is  the  resolvent  operator,  and  e'^  denotes  e  +  i6  with  5  — »•  0"^  at 
the  end  of  the  calculation.  If  the  system  is  initially  in  \£i,Ni)  =  |ei)|A^i)  and  the  radiation 
field  is  switched  on  suddenly  then  the  photodissociation  amplitude  to  form  the  product  state 
\£,Ta,q-)\Nf)  is  given  by  {{£,m,q-),Nf\£i,Ni).  Since  {{£,m,q-),Nf\ei,Ni)  =  0  then  this 
overlap  assumes  the  convenient  form 

through  use  of  Eq.(5).  Equation  (6)  is  an  exact  expression  which  provides  a  connection 
between  the  dissociation  amplitude  and  the  FG  matrix  element.  The  latter  can  be  computed 
exactly  by  using  a  high  field  extension  of  the  artificial  channel  method  [12,15].  Note  that 
the  operator  VG  gives  a  full  description  of  the  dissociation  process,  up  to  all  orders  of  the 
laser-molecule  interaction. 

Two  quantities  are  of  interest;  the  channel  specific  line  shape  A{£,q,Nf\ei,Ni),  i.e.  the 
probability  of  dissociation  into  channel  q  with  energy  s, 
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(7) 


A{£,q,Nf\£i,Ni)  =  J dk\{(£,k,g  ),Nf  \VG{£'^  +  ENf)\ei,Ni)\^, 

and  the  total  dissociation  probability  to  channel  q 

Pil)  =  E  /  ■4(£,  ?,  N,\ei,  Ni),  (8) 

Nf  •' 

where  the  sum  is  over  sets  of  photons  that  lift  the  molecule  above  the  threshold  for  dissoci¬ 
ation.  [In  writing  Eq.  (7)  diatomic  dissociation  is  assumed,  so  that  m  =  k]. 

Molecular  response  to  the  presence  of  intense  laser  fields  is  generally  highly  nonlinear, 
allowing  multiple  absorption  and  emission  processes.  For  example,  stimulated  emission 
firom  bound  as  well  as  from  continuous  states  can  be  as  strong  as  absorption  processes.  As  a 
result,  Raman-type  couplings  via  absorption  and  emission  lead  to  the  overlap  between  two 
bound  vib-rotational  states  in  the  same  or  different  electronic  manifolds,  which  is  otherwise 
negligible  in  weak  field  regime.  Multiple  absorption  and  emission  induce  multiple  reaction 
pathways  in  molecules,  resulting  in  profound  effects  in  molecular  djmamics  [12].  As  a  result 
it  is  generally  impossible  to  obtain  a  closed  form  for  the  VG  matrix  element  in  high  field 
regime.  However,  it  is  possible  to  gain  physical  insight  into  the  photodissociation  process 
by  examining  the  leading  terms  in  an  expansion  [12]  of  the  VG  rnatrix  element  in  terms  of 
the  level-shift  operator  Here  R(E'^)  is  given  [16]  by 

RiE'^)  =  ■'^  +  _  pH^p  _  PVP^' 

where  the  projection  operator  P  and  its  complementary  operator  Q  are  given  by 

^  =  SS  / <ie|(e,m,g-),Afc)((e,m,g~),iVfc|  (10) 

m.9  Nk 

Ni 

which  project  out  continuous  and  bound  parts  of  eigenstates  of  Hq  [Eq.  (1)],  respectively. 
With  P,  Q  and  RiE"^)  thus  defined,  the  photodissociation  amplitude  can  be  expanded  [12] 
as 
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((£.ni,3  ),JV/|l/G(B+)|ei,iVj) 


x[((£,m,3-),Ary|i!(£+)|£i,Afi) 


+  E 
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[e*  -  Cj  -  E„,  -  RjAE*)] 


+  E 


{{e,in,q-),Nf\RiE*)\st,,Ni,){sf,Ni,\R{E+)\et,Nt){ei,NmE*)\ei,Ni} 

[£+  -  c,.  -  E„^,  -  [B+  -Cj-  Ekj  - 


with  E'^  =  e'^+Ef^y.  Equation  (12)  shows  that  with  intense  fields  there  are  multiple  reaction 
pathways  which  contribute  to  the  bound-free  transition.  Each  term  on  the  right  hand  side 
is  associated  with  a  pathway.  Multiple  pathways  interfere  one  another,  either  constructively 
or  destructively,  depending  on  the  relative  phases  of  the  various  terms.  By  manipulating 
the  phases  we  can  effectively  control  the  transition  probability,  as  we  discuss  below. 

The  i?-matrix  elements  in  Eq.(12)  assume  the  following  forms.  The  element  between 
bound  and  continuum  states,  for  example,  {{e,m,q~),Nf\R{E'^)\Sj,Nj),  is  composed  of 
two  terms,  the  direct  transition  term  [via  the  first  term  in  Eq.(9)]  and  the  indirect  term  [via 
the  second  term  of  Eq.(9)].  The  latter  may  be  simplified,  under  the  conditions  of  this  paper, 
by  noting  that  the  incident  radiation  is  such  that  it  only  effectively  couples  states  in  the 
Q-space  to  those  in  the  P-space.  (The  simplification  is  then  amount  to  neglecting  above¬ 
threshold  dissociation  which  is  not  essential  in  the  numerical  examples  discussed  below.) 
Under  these  circumstances  PVP  =  0  and 


((£,m,g-),A7|ii:(E+)|Sj,A(,)  =  ((s,m,g  ),Nf\V\ej,Nj).  (13) 

In  Eq.(12)  the  diagonal  element  Rjj  of  R{E'^)  in  the  Q-space,  for  example,  is  given  by 

Rjj(E*)  =  {Sj.Ni  \R{E+)\ej,Ni)  (14) 

=  Aj{E)  -  (15) 

where,  by  taking  6  — >  0,  we  have 

Aj{E)  =  (£,,  Nj  Sj,  Ni  >,  (16) 

r,(B)  =  2jr{  Cj,  N) \VPS(E  -  PHP)PV\ Ej,Nj),  (17) 


which  are  the  field-induced  shift  and  broadening,  respectively.  Here  P.^  denotes  the  principle 
part  of  the  integration.  The  third  type  of  the  the  i2-matrix  element  in  Eq.(12)  is  the  off- 
diagonal  element  between  two  bound  states: 

(Sj,Ni\R(E*)\tuN,)  =  {Cj,Ni\v^;^^v\ei,Ni)  (i  ^  j)  (18) 

which  describes  second  order  coupling  between  two  bound  states  mediated  by  the  continuum. 

In  Eq.(12),  partial  summations  have  been  performed  to  account  for  level-shifts  and  level 
broadening  so  that  the  expression  is  devoid  of  singularities.  The  resultant  expression  provides 
insight  into  photo  dissociation  processes  in  intense  fields,  as  becomes  evident  later  below. 

Consider  now  the  case  of  a  molecule  in  the  presence  of  two  laser  fields,  of  frequency  ui 
and  u}2-  The  initial  state  of  the  total  system  is  |  Sj,  Nj )  =  |  Sj,  711,712),  where  n-i  and  712  are 
the  initial  occupation  numbers  of  the  field  modes  cui  and  a;2,  respectively.  The  molecule- 
radiation  interaction  V  is  given  by  the  sum  of  the  potentials  due  the  two  laser  fields: 

V  =  Vi  +  V2=^-yi-Si-  (19) 

where  £i  and  S2  are  the  electric  field  vectors  associated  with  Wi  and  u)2.  Laser  frequencies 
are  chosen  such  that  h,u\  —  si,  i.e.,  the  U\  is  in  resonance  with  |  Sjj ),  and  Sj  -1-  27kui  w 
Sjj  -f-  fiU2,  that  is,  2TuiJi  —  hijj2  is  in  resonance  with  |  )  (see  Fig.  1  for  the  application  to 

Na2).  Inserting  Eq.  (19)  into  Eq  (6)  gives  the  photodissociation  matrix  element  which  we 
compute.  To  gain  insight  into  the  terms  contained  within  this  expression  we  examine  the 
leading  terms  in  an  expansion  of  Eq.(12)  in  V,  which  are 

( ( £,  m,  g-),  771  -  2, 772 |KG’(E+) |  £i,  77i,  772 )  =  A  -h  B  -H  •  •  •  (20) 


.  _  (  ( S)  m,  g  ))77i  2|V^|£j^,77i  l)(£jj,77i  l|Li|^t)77i) 

~  (^■^  “  ^31  -  -  %  Jl)  (^■*'  -  Ri,i) 


„  _  ^  _ (  (g,m,g  ),  772|V2|gj2,772  +  1  )Bj;  j,  (  £  j, ,  77i  -  l|Vi|gt,ni  ) _ 

~  -  ^^2  -  RhJ.)  -  ^3uh)  (£^  -  -  2?i^l  -  ^,i) 
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where  we  have  used  E  =  e  {ni  —  2)fiu!i  +  n2hu!2  in  Eq.(12)  to  obtain  Eq.(20).  The  Rj2j 
in  Eq.(20)  is  given  by 


%,ii  =  < ni  -  2, 712  +  1  |■R(£■^)|  ,  ni  -  1, 712 ) 

V-  /■  j  /  ( 7X2  +  1  \V2\  (e’,  m',  q'-),n2){{e',in',q'~),ni  -  2  1^:1  txi  -  1) 


=  E/. 


_  pf 


.  (23) 


and  describes  the  coupling  between  |£ji)  and  resulted  from  absorption  of  one  uji 

photon  and  stimulated  emission  of  an  ctJ2  photon.  Similar  sequential  absorption  and  emission 
terms  result  from  the  higher  order  contributions  to  Eq.(12). 

The  term  A  in  Eq.(21)  describes  the  direct  resonant  two  photon  dissociation  path  |  ^ 

I  £,  m,  q~ )  via  the  intermediate  states  |  )  [path  (A)].  The  term  B  describes  the  dissociation 

path  |e:i)  ^  ki2)  induced  by  oji  plus  u)2  [path  (B)].  It  is 

important  to  note  that  the  relative  sign  of  the  A  and  B  terms  depend  on  the  frequency  u}2, 
resulting  in  a  sensitivity  of  the  line  shape  to  the  frequency  of  the  control  laser.  That  is,  by 
tuning  U2,  we  alter  the  interference  character  between  the  paths  A  and  B,  and  thus  the  line 
shape.  Higher  order  terms  in  the  expansion  of  Eq.  (20)  correspond  to  paths  with  multiple 
absorption  and  emission  of  uji  and  ^2  photons. 

Equation  (20)  describes  the  photon  fields  by  number  states.  However,  a  complete  analysis 
of  interference  between  the  A  and  B  paths  necessitates  an  understanding  of  the  role  of  the 
photon  phase.  Hence  we  sketch  the  same  argument  using  coherent  states  j  a )  s  |  q:i  )  ©  [  0(2 ). 
Here  |  ori )  and  |  a2 )  are  coherent  states  describing  the  ui  and  a;2  fields  and  are  defined  as 


(7  =  1,2) 


tti)  =  5^^(az,77i)|77i), 


P{ai,  Ui)  =  a"'  exp(-|Q;ilV2)/V77i"  (25) 

The  quantity  ai  can  be  parameterized  by  the  average  photon  number  fij  and  the  phase  (f)i 
(including  the  spatial  phase  ki  •  r)  of  the  Ui  laser  as:  a,  =  y/Wiexp(i(f)i).  Note  that  at  high 
intensities  (large  Ui)  the  Poisson  distribution  in  Eq.(25)  is  sharply  peaked  at  rxj  =  ni. 
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Replacing  Eq.(20)  by  {a\{£,m,q~  \VG{E'^)\ei)\a),  gives,  within  the  rotating  wave 
approximation, 

( a  i  ( e,  m,  g-  1  V^G(E+)  |  £,- )  |  a )  =  A  +  +  •  •  • ,  (26) 

where  A  and  B  are  of  the  same  form  as  A  and  B  in  Eq.(20)  but  with  the  photon  numbers  ni 
and  712  replaced  by  the  average  photon  numbers  fii  and  n2.  Hence,  the  leading  terms  in  the 
dissociation  probability  |(Q!|(£,m,9“  |yG(£')|£i)|  a:)p  can  be  obtained  from  Eq.(20)  by 
replacing  the  photon  numbers  n,-  by  the  average  photon  number  fii  and,  most  significantly, 
the  photodissociation  probability  will  be  independent  of  the  laser  phase.  Examination  of  the 
higher  order  terms  in  the  expansion  of  Eq.  (12)  (within  the  rotating  wave  approximation) 
shows  a  similar  cancellation  of  the  laser  phase.  Thus,  although  the  laser  phase  does  not 
serve  as  a  useful  control  parameter,  varying  cj2  should  alter  the  interference  term  between 
routes  and  hence  affect  the  product  distribution.  Extensive  control  of  the  line  shape  and  the 
product  selectivity  using  this  approach  is  demonstrated  in  Section  3  where  computations  on 
the  photodissociation  of  Na2  are  presented. 

i,From  the  computational  viewpoint,  it  is  greatly  advantageous  to  compute 
((£,m,g-),ni  -  2,  n2\VG{E+)\ei,  111,712)  [Eq.(12)]  directly.  Such  a  direct  computation 
is  possible  using  a  high  field  extension  of  the  artificial  channel  method,  as  described  in  Ref. 
[12]  and  as  utilized  below. 

III.  CONTROL  OF  TWO-PHOTON  DISSOCIATION  IN  NA2 

Consider  now  the  control  of  Na2  two  photon  dissociation,  which  occurs  by  resonant 
absorption  of  two  wi  photons  to  the  continuum  |  er,  m,  ),  from  a  bound  state  |  £i )  of  the  Na2 
ground  electronic  state  (see  Fig.  1).  The  frequency  is  in  resonance  with  an  intermediate 
bound  state  le^i ),  which  is  itself  a  superposition  of  states  of  the  A^Eu  and  electronic 
curves,  a  consequence  of  spin-orbit  coupling  [17].  The  control  laser  U2  simultaneously  couples 
the  coiitinua  to  the  bound  states  \ej^),  creating  additional  dissociation  pathways  which 
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interfere  with  the  direct  path  for  two-photon  dissociation.  The  continuum  states  reached  in 
the  two  photon  excitation  can  either  be  of  singlet  or  triplet  character  but  the  predominant 
contributions  to  the  products  Na(3p)-f-Na(3s),  Na(4s)-1-Na(3s)  and  Na(3d)-|-Na(3s)  in  the 
energy  range  of  interest  are  found  to  arise  from  the  and  2^Iig  states  which  are 

shown  in  Fig.  1.  (The  relevant  electronic  potentials  and  dipole  transition  functions  are 
taken  from  Ref.  [18]).  Also  included  in  the  computations  are  the  electronic  states 
^IIp,  and  which  correlate  asymptotically  with  Na(3s)-1-Na(3p)  atoms,  and  the  2^Sp, 
which  correlates  asymptotically  with  the  Na(3s)-)-Na(4s)  product  [17].  The  contributions 
from  these  states  are  much  smaller  than  those  from  the  states  shown  in  Fig.  1.  The  basic 
features  of  the  control  scenario  are  most  readily  seen  by  first  studying  a  case  which  includes 
a  minimum  of  rotational  states.  Thus  in  Figs.  2  to  4  we  only  include  J  =  Q  oi  ^Ep,  J  =  \ 
of  ^E„  and  and  J  =  0  of  the  continua.  Later  figures  show  cases  involving  additional 
rotational  levels. 

Results  shown  below  neglect  the  contribution  from  the  two  photon  dissociation  of  Na2  by 
wi+t^2-  These  contributions  are  negligible  in  the  region  of  0)2  where  P{(i)  varies  significantly, 
i.e.  in  the  regions  where  the  product  yield  is  controlled. 

Consider  first  the  line  shape  associated  with  of  a  ‘pure’  two  photon  dissociation  using 
a  single  CW  laser  of  frequency  uji.  The  intensity  of  the  control  laser  0*2  is  set  to  zero. 
The  dissociation  line  shape  A(£,  9,711  —  2\£i,ni)  is  obtained  by  integrating  the  square  of 
Eq.(21)  over  k  (m  =  k  for  Na2).  A  typical  resultant  dissociation  line  shape  is  shown  in 
Fig.  2,  with  A{£,  g,  ni  —  2\£i,  Ui)  (on  a  logarithmic  scale)  shown  as  a  function  of  the  product 
translational  energy  e.  In  this  case  the  laser  frequency  is  coi  =  16154.7  cm“^  with  an 
intensity  Ii  =  8.7  x  10^  W/cm^  so  that  the  energy  of  the  two  photon  excitation  is  below  the 
Na(3d)-I-Na(3s)  threshold,  but  above  the  Na(4s)-hNa(3s)  thresholds.  Two  products,  Na(3p) 
-f-  Na(3s)  and  Na(4s)  -1-  Na(3s),  are  therefore  energetically  accessible.  The  solid  line  denotes 
the  Na(3p)-j-Na(3s)  product  and  the  dashed  line  denotes  the  Na(4s)-f-Na(3s)  atoms.  The 
initial  state  |  Si )  is  chosen  with  vibrational  quantum  number  Vi  =  0  and  rotational  quantum 
number  .7  =  0  in  the  ground  electronic  state. 
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Line  shapes  for  both  products  are  seen  to  be  similar  in  structure,  showing  three  sets  of 
structure  with  three  peaks.  The  first  set  of  three  peaks  in  the  region  26350  <  e  <  26500 
cm  ~^  are  associated,  from  the  left  to  the  right,  with  the  resonant  contributions  of  the  dressed 
I  Si )  and  I  Sj^ )  states,  respectively,  the  latter  being  a  doublet  due  to  spin-orbit  coupling  [17]. 
Specifically,  with  the  given  laser  frequency,  the  dressed  |  u  =  0,  J  =  0,  ^T,g  )  state,  is  in  quasi- 
resonance  with  1 1;  =  14,  J  =  1,  ),  which  is  spin-orbit  coupled  to  j  u  =  19,  J  =  1,  ^IIu ). 

The  dissociation  of  these  three  states  contribute  to  the  first  set  of  three  peaks.  Note  that 
the  spacings  between  the  peaks  are  much  larger  than  the  corresponding  zero-field  spacings 
because  of  the  laser-induced  shifting  and  broadening.  A  similar  explanation  applies  to  the 
remaining  sets  of  the  three  peaks,  which  arise  from  the  dissociation  of  the  higher  dressed 
states  I  €i+i )  and  |  ej^+i ),  which  are  populated  by  stimulated  emission. 

Consider  now  the  effect  of  introducing  the  second  laser.  Figures  3  and  4  show  the 
logarithm  of  the  line  shape  A{e,q,n\  —  2,^2 [£1,72-1,712)  a  function  of  £  for  two  different 
values  of  022  (a;2  is  14939.6  cm“^  in  Fig.  3  and  14961.5  cm"^  in  Fig.  4,  with  h  =  3.5  x  10^° 
W/cm^).  Other  than  the  introduction  of  the  laser,  the  system  parameters  are  the  same  as 
in  Fig.  2.  The  solid  line  denotes  the  Na(3p)-hNa(3s)  product  and  the  dashed  line  corresponds 
to  the  Na(4s)-bNa(3s)  pair.  Consideration  of  Figs.  3  and  4  reveals  two  significant  features. 
First,  the  line  shape  shows  considerable  channel  dependence  [compare  dashed  and  solid  lines 
within  the  same  figure],  and  the  line  shapes  are  a;2-dependent  (compare  Fig.  3  with  Fig. 
4).  This  is  in  direct  contrast  to  the  results  in  Fig.  2,  which  are  not  sensitive  to  the  channel 
index  q.  The  profound  effect  of  the  W2  laser  on  the  line  shape  is  due  to  the  interference  of 
the  pathways  induced  by  U2  with  the  2-photon  dissociation  path. 

Both  Figs.  3  and  4  show  that  adding  the  frequency  0J2  introduces  a  new  peak,  resulting 
in  a  repetitive  four-peak  structure  in  the  line  shape  arising  from  the  combined  contributions 
of  the  dressed  states  |£i),  )  and  \ej^ ).  Thus,  the  additional  fourth  peak  comes  from 

the  dissociation  of  the  level  ]  )■  For  example,  the  dissociation  of  j  u  =  28,  J  =  1,  ) 

contributes  a  peak  at  £  =  26433  cm”'  in  Fig.  3  and  at  £  =  26453  cm  '  in  Fig.  4.  Increasing 
LO2  causes  a  blue-shift  in  the  position  of  the  second  peak  of  the  four-peak  structure,  as  well 
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as  a  change  in  the  peak  strengths. 

As  previously  noted,  computations  resulting  in  Figs.  2  to  4  only  include  J  =  0  of  the 
ground  electronic  state,  J  =  1  of  and  and  J  =  0  of  the  continua.  Including  multiple 
rotational  states  lead  to  additional  peaks  in  the  line  shape.  Figure  5  shows  one  example. 
Here  the  initial  state  |  )  is  chosen  to  be  {vi  =  0,  Jj  =  32)  of  the  state.  The  computation 

includes  also  the  J  =  31,  J  =  33  of  ^Eu  and  and  the  J  —  30,  J  =  32,  J  =  34  of  the 
continua  and  the  rotational  selection  rule  AJ  =  ±1  applies.  Here  =  17720.8  cm~^  , 

=  13332.8  cm“^  ,  the  intensities  h  =  1.72  x  10®  W/cm^  and  h  =  2.84  x  10®  W/cm^. 
In  this  instance  the  higher  energy  Na(3d)  +  Na(3s)  channel  is  open  as  well,  a  consequence 
of  the  larger  u)i  value.  The  Na(3d)  +  Na(3s)  line  shape  is  shown  in  Fig.  5c,  while  the 
line  shape  for  the  Na(3p)+Na(3s)  and  Na(4s)+Na(3s)  channels  are  shown  in  Fig.  5a  and 
5b.  The  line  shapes  are  far  more  complicated  than  those  shown  earlier,  showing  multiple 
peaks  and  dips  due  to  the  couplings  of  the  numerous  vib-rotational  bound  states.  However, 
comparing  Figs.  5a,  5b  and  5c  clearly  shows  a  strongly  channel  dependent  line  shape.  Once 
again  this  is  due  to  the  difference  in  interference  characteristics  for  different  channels  when 
both  u>i  and  u>2  lasers  are  on. 

With  control  over  the  line  shape  now  established  we  now  show  that  varying  u;2  also 
results  in  control  over  the  dissociation  yield  into  different  product  channels  q.  Integrating 
A{e,  q,  ni  -  2,  n2\ei,  ny,  712)  over  e  [Eq.  (8)]  for  various  U2  gives  the  total  dissociation  proba¬ 
bility  P{q)  as  a  function  of  ^2.  Sample  results  are  shown  in  Figs.  6  and  7  which  display  P{q) 
eis  a  function  of  ijJ2  for  the  products  Na(3s)+Na(3p)  [solid  curve],  Na(3s)+Na(4s)  [dashed 
curve]  and  Na(3s)-fNa(3d)  [dotted  curve].  In  Fig.  6  Na2  is  initially  in  =  Jj  =  0  of  the 
ground  electronic  state  whereas  in  Fig.  7  it  is  in  Ui  =  1,  Jj  =  0.  The  laser  parameters  are 
the  same  in  both  figures:  wj  =  17880.2  cm“^  ,  I\  =  3.16  x  10®  W/cm^,  and  I2  =  2.75  x  10® 
W/cm^.  Once  again,  to  expose  the  basic  physics,  we  only  include  the  rotational  states 
J  =  0  of  ^Ej,  J  =  1  of  ^E„  and  ^Hu,  and  J  =  0  of  the  continua;  the  inclusion  of  addi¬ 
tional  rotational  states  is  discussed  later  below.  The  results  in  Figs.  6  and  7  show  extensive 
variation  of  the  relative  yield  of  the  different  products  as  a  function  of  oj2-  For  example,  in 
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Fig.  6  the  Na(3s)+Na(3d)  product  dominates  entirely  at  most  values  of  ^2)  but  the  yield 
of  Na(3s)+Na(3p)  exceeds  that  of  Na(3s)+Na(3d)  by  a  factor  of  five  at  «  13327  and 
13355  cm"^  More  specifically,  in  Fig.  6  the  probabilities  of  generating  the  Na(3s)+Na(3d), 
Na(3s)+Na(4s)  and  Na(3s)+Na(3p)  products  at  a;2=13340  cm“^  ,  are  11.8  %,  0.24  %  and 
0.06  %,  respectively.  These  are  close  to  the  corresponding  values  of  P{(i)  for  the  ‘pure’ 
2-photon  dissociation  with  the  u)2  laser  off,  which  are  11  %,,  0.3  %  and  0.10  %  for  9=3d,  4s, 
and  3p.  However,  with  ^2  tuned  to  13328  cm"^  ,  for  example,  the  probability  of  forming 
Na(3s)-i-Na(3p)  is  5.6  times  larger  than  that  of  Na(3s)-1-Na(3d)  (see  Fig.  6).  Similar  behav¬ 
ior  is  seen,  in  Fig.  7.  Thus,  extensive  control  over  the  product  selectivity  in  the  2-photon 
dissociation  process  is  clearly  demonstrated. 

Figures  6  and  7  show  that  P(?)  is  almost  a  periodic  function  of  a;2.  The  uj2  values  at 
which  there  is  a  strong  variation  in  P{q)  satisfy  the  equation 

+  Uu>2  «  +  ^1-  (27) 

At  these  frequencies,  the  dressed  |  )  and  |  )  states  effectively  overlap,  strongly  enhanc¬ 

ing  the  interference  between  the  dissociation  pathways.  Thus,  with  u}\  fixed,  increasing 
(decreasing)  a>2  by  an  amount  equal  to  —  Ej^-i  (sjj+i  ~  ^j^)  brings  the  next  lower  level 
\£j2-i )  (higher  level  |ejj+i))  into  the  overlap  region.  As  a  consequence  P{q)  displays,  as 
a  function  of  U2,  an  almost  periodic  structure  with  period  equal  to  the  level  spacing  in  the 
neighborhood  of  Sj^.  For  example,  in  Fig.  6  the  distance  between  the  two  values  of  u)2  in 
which  there  is  a  minimum  in  the  Na(3s)-1-Na(3d)  probability  corresponds  to  the  spacing 
between  the  levels  v  =  89,  J=1  and  v  =  90,  J=1  of  the  electronic  state.  Similarly,  in 
Fig.  7  the  three  dips  are  separated  by  the  vibrational  spacings  between  {v  =  100,  J=l)  and 
(v  =  99,  .1=1),  and  between  {v  =  99,  J=l)  and  {v  =  98,  J=l)  of  the  electronic  state, 
respectively. 

As  a  consequence  of  this  behavior,  any  of  a  host  of  bound  states  |  )  can  be  used 

to  medial,c  the  second  pathway  which  interferes  with  the  direct  two  photon  dissociation 
pathway  from  |£i).  This  is  a  convenient  feature  which  gives  the  experimentalist  a  wide 
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range  of  possible  choices  of  with  no  loss  of  control. 

In  order  to  determine  the  magnitude  of  the  satellite  contribution  associated  with  the  two 
photon  dissociation  by  wi  +  we  carried  out  an  extensive  study  of  this  contribution  for  the 
case  shown  in  Fig.  6.  The  overall  probability  associated  with  this  contribution  was  found 
to  be  insignificant  (5  x  10“^)  in  the  important  u)2  regions  in  Fig.  6. 

Cases  involving  more  rotational  states  lead  to  more  complex  control  patterns.  Figures  8 
and  9  show  two  examples,  which  show  P{q)  as  a  function  of  liJ2  for  each  of  the  three  products 
Na(3s)+Na(3p)  [denoted  P(3p)],  Na(3s)+Na(4s)  [denoted  P(4s)]  and  Na(3s)+Na(3d)  [de¬ 
noted  P(3d)].  Results  for  excitation  from  two  initial  states  j  £, )  are  shown:  Vi  =  0,  J,  =  32 
(Fig.  8)  and  Vi  =  0,  J,  =  33  (Fig.  9),  both  in  the  ground  electronic  state.  Computations 
leading  to  Fig.  8  include  the  J  =  31,  33  states  of  the  and  electronic  states  and 
the  J  =  32,  J  =  34  of  the  continua;  in  Fig.  9  the  J  =  32,  J  =  34  of  the  and  and 
the  J  =  33,  J  =  35  of  the  continua  are  included.  [In  Fig.  8  the  J  =  30  continuum  term, 
whose  contribution  to  the  line  shapes  was  found  to  be  an  order  of  magnitude  smaller  than 
the  other  J  contributions,  was  neglected  .  Similarly,  the  J  =  31  contribution  to  Fig.  9  was 
neglected.]  In  both  cases,  Ui  =  17720.8  cm“^  ,  the  intensities  Ii  =  1.72  x  10®  W/cm^  and 
h  =  2.84  X  10®  W/cm^  The  line  shape  for  the  Ji  =  32  case  is  that  shown  in  Fig.  5. 

Figures  8  shows  four  peaks  in  P(3p)  and  P(4s),  and  four  corresponding  dips  in  P(3d), 
as  u)2  is  tuned.  The  structure  is  more  complex  than  that  in  Figs.  6  and  7,  and  is  due  to 
the  couplings  between  rotational  states.  In  addition  the  magnitude  of  P(9)  is  substantially 
reduced  due  to  excitation  out  of  higher  J  states.  Given  the  relatively  weak  laser  intensities 
used  here,  the  power-broadening  in  each  of  the  rotational  states  is  smaller  than  the  rotational 
level  spacing,  allowing  one  to  see  the  individual  peaks.  As  U2  is  varied  the  two  dressed 
rotational  |  )  levels,  with  quantum  numbers  J2=31  and  33,  successively  overlap  with  the 

two  dressed  |  Vj^ )  rotational  states,  Ji  =  31,  33,  generating  the  four-peak  structure  in  P{q). 
In  particular,  the  first  P(3p)  and  P(4s)  peak  [and  the  first  P(3d)  dip]  is  due  to  the  coupling 
between  the  Ji  =  31  and  J2  —  33  states,  the  second  due  to  the  coupling  between  the  Ji  =  31 
and  J2  =  31,  and  the  third  due  to  the  coupling  between  the  J\  =  33  and  J2  =  33.  A  similar 
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situation  occurs  in  Fig.  9,  where  the  first  P(3p)  and  P(4s)  peak  [and  first  P(3d)  dip]  is  due 
to  the  coupling  between  the  Ji  =  32  and  J2  =  34  states,  the  second  (at  0J2  —  13324  cm  ^  , 
but  much  suppressed)  due  to  the  coupfing  between  the  Ji  =  Z2  and  J2  =  34,  and  the  third 
due  to  the  coupling  between  the  Ji  =  34  and  J2  =  34. 

Some  minimal  appreciation  of  the  expected  P{q)  in  the  case  of  control  in  a  thermal 
environment  [13]  results  by  computing  a  weighted  sum  of  Figs.  8  and  9.  Since  the  positions 
of  the  peaks  and  valleys  in  these  two  figures  are  dissimilar,  one  expects  to  produce  a  spiky 
control  pattern.  Figure  10  shows  a  plot  of  the  ratio  P(4s)/P(3d)  [Fig.  10(a)]  and  the 
ratio  P(3p)/P(3d)  [Fig.  10(b)]  as  a  function  of  uj2,  assuming  that  the  initial  populations 
in  {vi  =  0,  Ji  =  32)  and  (u,  =  0,  Jj  =  33)  are  equal.  Due  to  the  selectivity  of  the  resonant 
2-photon  process,  which  in  this  case  favors  dissociation  from  (vi  =  0,  J,  =  32)  (Fig.  8),  the 
contribution  to  the  control  is  largely  weighted  by  the  results  in  Fig.  8.  Nonetheless,  an 
increasing  number  of  peaks  are  evident  in  Fig.  10  due  to  the  contributions  of  more  initial 
states.  Although  this  is  a  simplified  model,  it  suggests  that  the  control  should  survive  in 
a  thermal  environment,  although  a  complicated  P{q)  is  anticipated.  This  is  in  accord  with 
currently  ongoing  experiments  [13]. 

IV.  SUMMARY 

We  have  shown  that  the  resonant  2-photon  dissociation  of  molecules  can  be  controlled 
by  illuminating  the  system  with  an  independent  intense  laser,  which  need  not  be  coherent 
relative  to  the  excitation  laser.  The  control  results  from  laser  induced  interference,  which 
depends  upon  the  frequency  of  the  control  laser.  Computations  on  photodissociation  in  Na2 
show  that  control  over  three  different  product  yields  is  extensive. 
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FIGURES 

FIG.  1.  Na2  potential  energy  curves.  Only  the  major  contributors  to  dissociation  are  included 
in  the  figure.  For  additional  curves  included  in  the  computation,  see  text.  Resonant  two  photon 
dissociation  occurs  by  coupling  the  bound  states  |  Ci ),  with  the  wi  laser,  to  the  dissociation  continua 
via  intermediate  states  |  Sj^ ).  The  control  laser  W2  couples  the  continua  to  the  initially  unpopulated 
bound  states  |  ) 

FIG.  2.  The  line  shape  for  pure  2-photon  dissociation:  log  A{e,  q,ni  -  2|£i,ni)  vs.  e  for  (a)  the 
Na(3s)-1-Na(3p)  product  (solid  curve),  and  (b)  the  Na(3s)-fNa(4s)  product(dashed  curve).  Here 
a;i=16154.7  cm"^  and  Ji  =8.7x10®  W/cm^. 

FIG.  3.  The  line  shape  for  photodissociation  with  two  lasers  on.  log  A(e,  q, ni  -  2,n2|ei, ni, TI2) 
vs.  £  for  (a)  Na(3s)4-Na(3p)  product  (solid  curve),  (b)  Na(3s)+Na(4s)  product  (dashed  curve). 
The  control  laser  parameters  are  u>2  —  14939.6  cm  ^  ,  and  the  intensity  I2  —  3.5  x  10  W/cm  . 
Other  parameters  are  as  in  Fig.  2. 

FIG.  4.  As  in  Fig.  3,  but  with  a;2=  14961.5  cm“^  . 

FIG.  5.  log  Aie,q,ni  -  2,n2|£i,ni,n2)  vs.  e,  with  rotations  included,  (a)  Na(3s)-i-Na(3p) 
product,  (b)  Na(3s)-FNa(4s)  product,  and  (c)  Na(3s)-I-Na(3d)  product.  Here  uji  =  17720.8  cm  , 
u;2  =  13332.8  cm"^  ,  and  the  intensities  Ji  =  1.72  x  10^  W/cm^  and  h  =  2.84  x  10®  W/cm^. 

FIG.  6.  Probability  of  dissociation  into  channel  q,  P{q),  as  a  function  of  u}2-  for  the  (a) 
Na(3s)-I-Na(3p)  product  (solid  curve),  (b)  for  the  Na(3s)-|-Na(4s)  product  (dashed  curve),  and 
(c)  for  the  Na(3s)-I-Na(3d)  product  (dotted  curve).  The  molecule  is  initially  in  =  0,  Jj  =  0  of 
the  ground  electronic  state.  Here  ui  =  17880.2  cm-^  ,  h  =  3.16  x  10®  W/cm^,  and  J2  =  2.75  x  10® 
W/cm^. 

FIG.  7.  As  in  Fig.  6,  but  the  molecule  is  initially  in  Vj  =  1,  Ji  =  0  of  the  ground  electronic  state. 


18 


FIG.  8.  P{(l)  as  a  function  of  for  higher  initial  rotational  state,  (a)  for  the  Na(3s)+Na(3p) 
product  (solid  curve),  (b)  for  the  Na(3s)+Na(4s)  product  (dashed  curve),  and  (c)  for  the 
Na(3s)+Na(3d)  product  (dotted  curve).  Both  curves  (a)  and  (b)  have  been  multiplied  by  a  factor 
of  ten  to  better  display  the  results.  The  molecule  is  initially  in  Vi  =  0,  Jj  =  32  of  the  ground 
electronic  state,  toi  =  17720.8  cm“^  ,  Ii  =  1.72  x  10®  W/cm^,  and  I2  =  2.84  x  10®  W/cm^. 

FIG.  9.  As  in  Fig.  8,  but  with  the  molecule  initially  in  Vi  =  0,  Jj  =  33  of  the  ground  electronic 
state. 

FIG.  10.  The  ratios  of  photodissociation  products  vs.  u;2,  assuming  the  molecule  is  initially 
populated  with  equal  probability  in  (vj  =  0,  Jj  =  32)  and  {vi  =  0,  Jj  =  33)  of  ground  electronic, 
(a)  For  P(4s)/P(3d)  and  (b)  for  P(Zp)/Pi3d).  Here  u>i  =  17720.8  cm"!  ,  h  =  1.72  x  10®  W/cm^ 
and  I2  =  2.84  x  10®  W/cm^. 
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Abstract 


The  theory  of  coherent  control  of  photodissociation  with  partially  coher¬ 
ence  laiser  pulses  is  developed  and  applied  to  the  pump-dump  control  scenario 
of  a  collinear  model  of  DH2.  The  coherence  characteristics  of  the  pump  pulse 
are  shown  to  be  crucial  for  maintaining  control  over  the  product  yield,  whereas 
the  coherence  properties  of  the  dump  pulse  are  only  of  secondary  importance. 
Control  is  shown  to  survive  for  partially  coherent  laser  pulses,  but  only  for 
a  range  of  incoherence  which  precludes  control  with  typical  nanosecond  laser 
pulses. 


I.  INTRODUCTION 

Over  the  past  few  j^ears,  we  have  formally  demonstrated,  and  computationally  verified, 
that  isolated  molecular  processes  can  be  controlled  through  excitation  with  coherent  laser 
sources  [1]-  [4].  Typically,  control  is  achieved  by  optically  exciting  a  system  in  a  pure 
state  via  more  than  one  coherent  excitation  route.  Interference  between  these  multiple 
routes,  varied  through  instrumental  parameters  such  as  field  amplitudes  and  relative  laser 
])hasc,  results  in  control  over  product  ratios  in  molecular  processes.  Both  computational 
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[1]  and  experimental  studies  [5]  show  that  interference  effects  allow  for  extensive  control 
over  product  ratios  and  probabilities  in  isolated  molecular  systems,  with  near  total  control 
possible  in  some  circumstances. 

Interference  phenomena  rely  upon  the  existence  of  a  well  defined  phase,  in  this  case 
that  of  the  excited  state  created  by  optical  excitation.  This,  in  turn,  relies  both  upon 
coherence  characteristics  of  the  molecule  prior  to  excitation,  as  well  as  the  phases  of  the 
optical  excitation  sources.  If  both  the  molecule  and  laser  source  are  in  pure  states  (e.g. 
an  eigenstate  of  the  molecular  Hamiltonian  excited  with  a  transform  limited  pulse)  then 
the  excited  state  is  pure  and  the  phases  well  defined.  In  many  instances,  however,  either 
the  source  or  the  molecule  is  a  mixed  state,  introducing  partial  incoherence  effects.  We  [4] 
and  others  [6]  have  previously  discussed  the  effect  of  coUisional  dephasing  of  the  molecular 
state  upon  control  in  an  early  CW  laser  control  scenario.  Here  we  consider  the  effect  of  the 
partial  coherence  of  the  laser  source  on  control  in  a  pump-dump  scenario.  In  the  pxunp- 
dump  scenario.  [2],  control  over  yield  ratios  is  obtained  by  varying  the  tuning  characteristics 
of  a  pump  and  dump  pulse,  as  well  as  the  time  delay  between  them.  Here  we  attempt  to 
assess  the  extent  to  which  control  survives  laser  incoherence. 

The  structure  of  this  paper  is  as  follows.  Section  2  introduces  sequential  pulse  control 
with  partially  coherent  sources  using  an  approach  based  on  our  previous  analysis  of  the 
two-frequency  correlation  function  describing  partially  coherent  sources  [7].  Utilizing  a  gen¬ 
eralized  Parseval  equahty  allows  us  to  demonstrate  conditions  under  which  the  incoherence 
of  the  dump  pulse  is  irrelevant  to  control.  Section  3  describes  computations  on  the  dissoci¬ 
ation  of  a  collinear  model  of  DH2  to  produce  H-l-DH  and  D-t-H2,  with  a  focus  on  the  range 
of  control  as  the  pump  laser  incoherence  increases.  Section  4  contains  a  brief  summary. 

II.  SEQUENTIAL  CONTROL  WITH  PARTIALLY  COHERENT  PULSES 

Control  via  sequential  partially  coherent  pulses  constitutes  a  straightforward,  but  sig¬ 
nificant,  extension  of  the  theory  for  purely  coherent  pulses  [2].  We  briefly  summarize  the 
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characterization  of  a  partially  coherent  pulse  and  then  incorporate  the  description  into  the 
control  scenario. 

A.  Partially  Coherent  Sources 

To  characterize  partially  coherent  pulses  we  utilize  a  model  which  we  have  previously 
applied  to  intramolecular  dynamics  induced  by  partially  coherent  pulses  [7].  Consider  a 
Gaussian  laser  pulse  with  time  profile  ex{t)  and  phase  6x{t)j  i.e. 

€x(t)  =  (1) 

Here  Tx  is  the  pulse  time  width  and  the  pulse  is  centered  about  frequency  Ux  at  time  4. 
We  adopt  a  phase  diffusion  model  for  the  incoherent  leiser  source  and  assume  a  Gaussian 
correlation  for  the  stochastic  phases  with  a  decorrelation  time  scale  Txc-  That  is,  we  assume 

where  the  angle  brackets  denote  an  average  over  the  ensemble  of  laser  phases. 

Below  we  require  the  frequency-frequency  correlation  function  {ex(ct}2)^{^i))-  Here  61(0;) 
is  the  Fourier  transform  of  e(t)  for  6x{t)  equal  to  a  constant  6x,  i.e. 

In  the  phase  diffusion  model,  6x{t)  is  time  dependent,  its  random  variations  being  incor¬ 
porated  by  ensemble  averaging  over  a  distribution  of  Sx-  In  particular,  assuming  Gaussian 
pulses  [Eqs.  (l)-(2)],  we  get  [7] 

(exMeliui))  =  (4) 

8 

where 


Tx  =  TxTxcHtI  + 
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The  pmnp-dump  control  scenario,  the  subject  of  this  paper,  involves  two  lasers.  Hence  we 
adopt  a  similar  description  for  the  dump  pulse  with  appropriate  change  in  parameter 
labels,  i.e. 


(eci(w2)€K^i))  =  (8) 
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where 

Td  =  TdTdc/ {r^  +  racV^^-  (9) 

Here  Txc  and  r^c  define  the  degree  of  field  coherence,  the  two  limiting  cases  being  a  coherent 
source  {t^c  — >  oo,i  =  x,d)  and  fully  incoherent  source  (rjc  0,  i  =  x,  d). 

The  significcint  parameter  to  describe  characteristics  of  the  laser-moleule  interaction  is 
the  frequency  spectrum  of  the  pulse.  For  the  excitation  pulse  this  is  given  by 

I.(u,)  =  (10) 

V  zTT 

whose  full  width  at  half  maximum  (FWHM)  is  2^2  \n2/Tx.  For  the  coherent  pulse 
giving  a  FWHM  of  the  intensity  spectrum  equal  to  Ax!\/2  where  A^,  =  4'\/ln  2/ is  the 
FWHM  of  the  frequency  profile  [Eq.(3)]  of  the  pulse.  Similar  definitions  apply  to  characterize 
the  dump  pulse.  Further,  for  consistency  we  define  the  partial  coherence  parameter  Axe  = 
A\/hi  2/ Txc  and  similar  parameters  (Ad,  Adc)  for  the  dump  pulse.  Note  that  fitting  Eq.  (10) 
to  the  measured  pulse  frequency  spectrum  provides  a  means  of  obtaining  Tx  and  Ux  from 
experimental  data  [7]. 


B.  Control  of  Photodissociation 

We  first  summarize  the  expressions  for  control  using  sources  with  known  phases  [2],  i.e., 
fully  coherent  sources.  We  then  average  over  the  ensemble  of  laser  phases  characterizing  the 
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partially  coherent  pulse  to  give  the  result  for  control  in  the  presence  of  partially  coherent 
sources. 

Consider  then  a  molecule  vdth  Hamiltonian  Hm  (with  eigenkets  and  eigenvalues  denoted 
I  En )  and  )  subjected  to  an  external  field  comprised  of  two  temporally  separated  pulses 
e(t)  =  ex(t)  +  edit).  The  total  Hamiltonian  is  of  the  form: 

H  =  Hm  +  V  =  Hm- fiW)  +  r  (t)]  (11) 

where  /r  is  the  dipole  operator  along  the  electric  field  direction.  The  exit)  pulse  lifts  the  sys¬ 
tem  to  the  excited  electronic  states  with  nuclear  eigenfunctions  |  En )  and  edit)  subsequently 
induces  a  transition  to  a  lower  or  higher  surface  where  dissociation  occurs..  The  fields  are 
assumed  sufficiently  weak  for  perturbation  theory  to  be  valid. 

If  the  molecule  is  initially  in  state  | Eg)  then  the  state  prepared  after  the  exit)  pulse, 
whose  width  is  chosen  to  excite  a  number  of  levels  \Ej),  is  given  in  first  order  perturbation 
theory  (at  times  [8]  t  4-  2tx)  as: 

I  4^it)  )  =  \Eg  ^  c,-l  Ej  (12) 

j 

with 

Cj  =  iV^/ih)iEj  l/il Eg )exiu}jg)  =  djexiu)jg)  (13) 

where  Ujg  =  iEj  —  Eg) /%  is  the  excitation  frequency  from  \Eg)  to  |  Ej )  and  where  dj  is 
defined  by  the  second  equality. 

Subsequently,  the  system  is  subjected  to  a  dump  pulse  edit).  Its  wavefunction,  expanded 
in  a  complete  set  of  continuum  eigenstates  |  E,  n,  q~ )  labeled  by  energy  E,  arrangement 
channel  label  q  and  remaining  quantum  labels  n  is  then: 

|V'(i))  =  l</>(^))  +  E  /  dEBiE,n,q\t)\E,n,q-)e-^^^l^^  (14) 

n,q 

The  probability  PiE,  q)  of  forming  product  in  arrangement  channel  q  at  energy  E  is  given 


(15) 


n  j 

where  u^ee^  =  {E  —  Ej)/h  and  cj  are  given  by  Eqs.  (12)  and  (13).  Note  that  the  sum  is  over 
all  quantum  numbers  n,  including  scattering  angles. 

Expanding  the  square  allows  us  to  write  the  probability  in  a  canonical  form: 

P(E.  q)  =  {2^/h^)J2ciC-e,(uJEB,)4WEi:Mj(E) 

=  (27r/a2)  Yl  t^i<^ie:r(wis)e;(a;js)ed(a;£;£,)ed(a;£;£;^.)/ii5 (E)  (16) 

ij 

where 

=  |,ii5(S)|e“S<®>  =  J2{ E, n, q'  \u.\  EiHBj  |m|  E, n, q' )  (17) 

n 

To  incorporate  effects  due  to  a  partially  coherent  source  we  average  Eq.  (16)  over  the 
ensemble  of  phases  of  the  excitation  and  dump  pulses,  giving 

P{E,  q)  =  (27r/a2)  ^<iid*(e:,(a;i5)€*(a;jp))(ed(a;s£je^(wE£:,.))^ij  (IS) 

ij 

Assuming  the  phase  diffusion  model  described  above,  then  the  frequency-frequency  correla¬ 
tion  functions  is  given  by  Eq.  (4).  The  probabihty  P{q)  of  forming  product  in  channel  q  is 
then  obtained  by  integrating  over  the  pulse  width: 

P{q)  =  [  dEP{E,q)  =  i2T/h^)Ydid*{e:,{a;ig)eliuj,))  J dE{ei{i^EE^yd{^EE,))lJ^${E)  (19) 

It  is  often  the  case  that  the  Pranck-Condon  factors  contained  in  {E)  vary  sufficiently 
slowly  over  the  rainge  of  E  encompassed  by  the  dump  pulse  to  be  regarded  as  constant  [9]. 
Under  these  circumstances  we  can  use  the  following  generalized  Parseval’s  equality  to  show 
that  P{q)  is  independent  of  the  coherence  properties  of  the  dump  pulse.  Specifically  we  have 

J  rfu-(e*(a;  -  a;i)e(a;  -  0^2))  =  ^ 

=  11  dUdt2{€*{h)€{t2))8{t2  - 

=  J  dt(e*(t)e(t))e'(‘"--‘"^)‘.  (20) 
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[The  conventional  Parseval  equality  /  du}{\e{u})\^)  —  / dt{e*(t)e(t))  is  the  special  case  of 
ui  =  U2.]  Since  the  right  hand  side  is  independent  of  the  phase  of  e{t)  then  the  frequency 
integrated  correlation  function  is  independent  of  the  degree  of  coherence  of  the  pulse. 

Assuming  the  E  independence  of  over  the  pulse  width  allows  us  to  write  Eq. 

(19)  as 

P{g)  =  (21) 

ij 

with 

=  I  (22) 

For  the  Gaussian  dump  pulse  [Eq.(6)]  we  have  that 

FH  =  (23) 

Given  Eqs.  (4), (17)  and  (23),  Eq.  (21)  assumes  the  form 

P(q)  =  (2jr/ft^)  l;  I  (24) 

where  St  =  {U  -  t^).  Of  particular  interest  is  the  ability  to  control  the  reaction  selectivity, 
i.e.  the  relative  production  of  product  in  channel  q,  given  by 

R{g)^P(i)/'£P(9')  (25) 

The  essence  of  control  lies  in  the  interference  terms  {i  7^  j)  iu  Eq.  (24)  which  contribute 
to  either  constructively  enhance,  or  destructively  deplete,  a  given  product  arrangement  q. 
These  terms  are  sensitive  to  the  frequency  of  the  lasers  and  the  time  delay  St,  which  serve 
as  laboratory  control  parameters  in  this  scenario.  For  the  simplest  case,  excitation  which 
encompasses  only  two  levels,  P(q)  is  given  by: 

P{q)  =  {2TT/h^)[\di\^{\€^{uig)\'^)fx^^}F{u}u) 

+  I  ^2  P  ( I  Ci  (a>2^  )  P  )  /V.2^2  (u>22  ) 

+  2\did*2fA‘[l{^xi^i9)^x{^2g))P{^2l)\  COS(cJ2lSi  +  Q:i^2  +  /^)])  (2^) 
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with  {Ei\ii\Eg){Eg\y.\E2)  =  \{Ei\ii\Eg){Eg\n.\E2)\e^^ ■  Since  decoherence  affects  both  the  di¬ 
rect  terms  as  well  as  the  cross  terms  the  extent  of  control  is  dependent  on  the  laser  properties 
through  the  relative  magnitudes  of  |(ea;(cJip)e*(w2p))|  and  (|ex(a;ig)l^),i  =  1,2. 

The  situation  is  more  complicated  with  the  inclusion  of  more  terms  under  the  excitation 
profile.  However,  the  probability  of  dissociation  into  a  given  channel  [  Eq.  (24)]  is  seen  to  be 
essentially  comprised  of  a  sum  of  two  level  terms.  Control  is  dependent  on  the  relative  size 
of  the  k  j  interference  term  and  the  diagonal  k  =  j  terms.  To  expose  the  dependence  on 
the  coherence  of  the  pump  field  denote  the  terms  \dkdjF{u}jk)ij!kj{E)\  by  and  consider 
the  ratio  of  the  k  ^  j  term  in  Eq.(24)  to  the  associated  diagonal  terms.  That  is,  consider 
the  contrast  ratio: 

^  _  ^27) 

For  the  Gaussian  model  of  a  partially  coherent  source  Eq.(27)  assumes  the  form: 

Ckj  =  exp[ - - ] [  (,)  - - - — — 

8  4“^  +  afj  exp{-u}jkTi5Ej^  / h) 

Here  6ej^  =  E^  -  Eav  =  hoJx  -  {Fk  +  Ej)/2.  The  second  term  in  Eq.  (28),  in  brackets,  is  a 
function  of  T^Se^^-  bound  state  levels  dominate  the  pump  excitation  then  this  term 

contributes  a  scaling  characteristic  to  control  plots.  That  is,  if  we  plot  contours  of  constant 
dissociation  probability  as  a  function  of  6t  and  Sej^  then,  barring  the  first  term,  plots  with 
different  will  appear  similar,  with  a  new  range  scaled  by  6e'  = 

The  first  term  in  Eq.  (28)  can  be  rewritten  as 


Akj  =  exp[- 


=  expf  - - - ]],  (29) 

8  ^  {Tx/Txoy  +  r^' 

which  affords  additional  insight  into  the  dependence  of  control,  achieved  by  varying  6t, 
on  colieronce  characteristics  of  the  pump  laser.  Note  first  that  Eq.  (29)  implies  that  for 
fixed  Tx  control  comes  jjredoiuinantly  from  nearby  molecular  states,  i.e.  those  with  small 
Uki-  Second,  for  fixed  pulse  duration  r^,  control  is  expected  to  decrease  with  decreasing 


Tic,  i-s.  with  decreasing  pulse  coherence.  This  is  reasonable  since  decreasing  leads  to 
the  preparation  of  mixed  molecular  states  with  increasing  degrees  of  state  impurity  [10] 
and  hence  loss  of  phase  information.  Somewhat  unexpected,  however,  is  the  prediction 
of  improved  control  with  decreasing  pulse  duration  at  fixed  embodied  in  the 

exp(-cjljT^)  term.  This  interesting  dependence  will  be  shown  numerically  below. 

Below  we  consider  the  photodissociation  of  model  DH2.  In  particular  we  examine  control 
as  a  function  of  St  and  of  the  central  frequency  ujx  of  the  pump  pulse.  The  excitation  energy 
huJx  associated  with  the  pulse  center  is  defined  relative  to  two  particular  energy  levels. 
That  is,  we  consider  control  as  a  function  of  the  detuning  parameter  Sb  =  —  Eav  = 

hux  —  (El  +  E2)/2,  where  Ei  and  E2  are  two  selected  neighboring  energy  levels. 

III.  NUMERICAL  RESULTS 

To  quantitatively  examine  the  effect  of  partial  coherence  on  control  we  consider  a  collinear 
triatomic  model  composed  of  two  electronic  states  with  masses  of  DH2.  The  pump  pulse 
raises  DH2from  the  ground  electronic  state,  preparing  a  bound  state  superposition  on  the 
excited  state  surface. A  subsequent  dump  pulse  brings  the  system  down  to  the  continuum 
of  the  ground  electronic  state  where  photodissociation  to  two  products  occurs:  D  +  H2-<— 
DH2-^  H  +  DH.  Previously  [2]  we  examined  control  in  this  system  using  purely  coherent 
pulses.  In  that  study  an  excitation  pulse  with  =  20  cm~^  was  used  to  prepare  an  initial 
superposition  of  two  levels  and  dissociation  was  carried  out  with  a  dump  pulse  with  =  80 
cm“^.  Varying  the  control  parameters  St  and  the  detuning  Se  led  to  substantial  control 
over  the  relative  product  yield.  In  that  work  two  different  cases  were  examined  in  detail, 
corresponding  to  excitation  around  the  levels  32+33  and  levels  56+57  (where  32  denotes  the 
32"'^  level,  etc.)  of  the  excited  electronic  state.  In  this  paper  we  examine  excitation  with 
Se  inecusurcd  with  re,spect  to  the  same  level  pairs,  as  well  as  others,  but  with  varying  Aic- 
For  small  Axr  only  two  levels  are  excited  but  as  A^c  increases  the  excitation  encompasses 
a  larg(n-  number  of  levels.  We  juesent  resiilts  as  a  function  of  the  laser  parameters  A^,  Axe, 
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etc.  to  allow  a  direct  comparison  with  the  spacing  between  energy  levels.  A  sampling  of 
these  levels  is  provided  in  Table  I. 

Consider  first  excitation  about  Eav  =  (-S32  + -2^33)/2.  We  assume  that  is  indepen¬ 

dent  of  E,  an  approximation  justified  later  below.  Each  panel  of  Fig.  1  shows  a  contour 
plot  of  the  fractional  yield  of  DH  [i.e.,  P(DH)/(P(DH)-FP(H2))]  as  a  function  of  5t  and  6b, 
for  different  values  of  A^c-  Figure  la  shows,  for  comparison  purposes,  the  case  of  a  coherent 
pulse  (Axe  =  0);  the  range  of  control  is  large  with  the  yield  ratio  varying  from  0.19  to  0.92. 
Thus,  for  coherent  pulses  a  wide  range  of  product  yield  is  possible  as  the  relative  intensity 
through  detuning  and  time  delay  between  pulses  are  varied. 

Figures  lb  to  le,  which  show  control  in  the  same  system  but  with  differing  amounts 
of  pump  laser  incoherence,  demonstrates  that  increasing  incoherence  is  accompanied  by  a 
reduction  in  the  range  of  control.  (Note  that  in  each  successive  figure  the  ordinate  axis 
scale  changes  to  accomodate  both  the  increasing  frequency  width  of  Fx(^)  associated  with 
increasing  Axe  and  the  observed  shifts  in  the  yield  extrema.)  For  example,  with  Axe  =  8 
cm“^  [Fig-  lb]  control  is  similar  to  that  in  Fig.  la  whereas  with  Axe  =  80  cm“^control  [Fig. 
Id]  is  essentially  lost.  There  appears  to  be  little  qualitative  change  in  going  to  Axe  =  200 
cm~^  [Fig.  le]  despite  the  inclusion,  in  this  width,  of  many  additional  bound  levels. 

In  examining  Fig.  le  note  that  the  yield  depends  on  Sb  but  not  on  6t-  This  dependence 
is  a  consequence  of  the  (generally  uninteresting)  predisposition  of  various  bound  levels  of 
the  excited  elecronic  state  to  preferentially  dissociate  to  particular  products.  The  St  depen¬ 
dence  of  the  yield,  which  is  indicative  of  interference  induced  yield  control,  disappears  with 
increasing  laser  incoherence. 

These  computations  assume  that  fj,ij{E)  is  independent  of  E  in  order  to  take  advantage 
of  the  generalized  Parseval  equality  which  implies  that  the  control  results  are  independent  of 
the  dump  pulse  partial  coherence,  and  hence  independent  of  Adc-  To  test  this  approximation 
we  recomputed  the  control  results  shown  in  Fig.  la  using  variable  iiij{E)  and  Adc,  results 
are  sliown  in  Fig.  2.  It  is  clear  that  although  control  diminishes  with  decreasing  Adc 
the  effect  is  weak  cornparc^d  t.o  variations  of  A^c-  Further,  the  gross  qualitative  structure 
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of  the  control  plots  are  seen  to  be  relatively  insensitive  to  the  dump  pulse  incoherence. 
Other  computational  studies  gave  similar  results.  Thus,  throughout  this  paper  we  simplify 
computations  by  neglecting  the  A^c  dependence. 

The  pattern  shown  in  Fig.  1  and  Fig.  2,  where  the  control  plot  is  dominated  by  a  single 
well  defined  peak  and  valley,  is  characteristic  of  the  excitation  of  essentially  two  levels, 
i.e.  two  molecular  levels  under  the  laser  excitation  envelope  have  significant  Frank-Condon 
factors.  Slightly  more  complicated  behavior  is  shown  in  Fig.  3  with  excitation  referred  to 
the  (22,23)  pair  of  levels,  using  a  faster  excitation  pulse  with  Aj,  =  200  cm“^.  In  this  case 
several  levels  are  excited  under  the  pulse  and  the  control  picture  loses  some  of  its  symmetry 
and  simplicity  in  the  neighborhood  of  5^  =  0.  However,  the  same  observed  loss  of  control 
with  increasing  partial  laser  coherence  is  evident. 

Figure  4  shows  results  typical  of  those  obtained  with  the  excitation  of  a  large  number 
of  levels.  In  this  case  the  energy  spectrum  of  DH2  was  compressed  as  shown  in  Table  2 
and  excitation  was  carried  out  with  a  A^c  =  200  cm~^  pulse.  The  resultant  dependence  of 
the  yield  ratio  on  6 e  and  6t  is  far  more  complex  than  the  behavior  seen  in  previous  figures. 
However,  the  reduction  of  control  with  increasing  A^c  is  clearly  evident,  with  control  lost 
by  Axe  =  1000  cm“^ 

From  these  and  related  studies  we  find  that  control  in  the  model  DH2  system  is  lost  when 
{Axe/ Ax)  =  {txI^xc)  «  4  —  5.  This  precludes  the  use  of  typical  nanosecond  lasers,  where 
{Axe/ Ax)  >  10^,  for  pump-dump  control. 

Finally  we  examine  the  implication  [see  discussion  below  Eq.  (29)]  that  control  improves 
with  increasing  Aj  for  fixed  Axe/ Ax-  Figure  5  shows  results  of  laser  excitation  with  5e 
mccisured  relative  to  the  center  of  the  (32,33)  energy  level  pair.  In  particular,  panels  5a  to 
5c  show  typical  results  for  excitation  of  a  pair  of  levels,  with  A^  varying  from  20  cm~Ho  80 
cm”\  with  Axe/ Ax  =  2.  There  is  clearly  an  improvement  in  the  range  of  accessible  yield 
with  increasing  A^.  However,  this  is  accompanied  by  a  large  scale  in  the  value  of  Se  at 
which  the  yield  extrema  occur.  Thus,  with  increasing  A^  control  is  found  at  much  larger 
det.uniiigs,  where  the,  fi(!ld  .strength  is  substantially  reduced.  Thus,  although  the  control  as  a 
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function  of  6t  improves  witli  increasing  at  fixed  A^c/ Ai,  the  absolute  yield  is  substantially 
reduced.  Further,  as  seen  in  Fig.  5d,  which  is  similar  to  Fig.  5c  but  includes  excitation  of 
all  bound  states  under  the  laser  envelope,  the  increasing  width  associated  with  increasing 
Aj  will  encompass  additional  levels,  causing  significant  alterations  in  the  control  plot. 

Finally,  Fig.  6a  and  6b  show,  for  comparison  purposes,  excitation  with  coherent  pulses 
of  similar  A^  to  those  in  Fig.  5b  and  5c.  (See  also  Fig  la  for  the  related  case  with  A^,  =  20 
cm“^.)  The  resultant  control  plots  all  appear  similar  but  with  a  larger  scaling  with  increasing 
Ax.  This  off-resonance  is  associated  with  a  reduction  in  the  field  strength  and  hence  lower 
yield.  This  behavior  is  consistent  with  the  functional  form  Of  Eq.  (28).  That  is,  for  coherent 
pulses  Tx  =  Tx  so  that  only  the  bracketed  term  in  Eq.(28)  Contributes.  Hence,  as  expected, 
the  T^6e  behavior  demonstrated  by  this  term  is  manifest  as  similar,  but  5e  rescaled,  contour 
plots  as  Ax  is  varied.  Finally  note  also,  by  comparing  Figs.  5  and  6,  that  the  extent  of 
control  is  always  greater  with  the  coherent  pulses  than  with  the  partially  coherent  pulses. 

IV.  CONCLUSION 

We  have  examined  the  theory  of  coherent  control  in  the  pump-dump  scenario  for  par¬ 
tially  coherent  pulses.  The  coherence  of  the  pump  pulse  has  been  shown  to  be  of  primary 
importance  in  maintaining  control,  whereas  the  coherence  of  the  dump  pulse  is  of  secondary 
importance.  Increasing  the  incoherence  of  the  pump  pulse  results  in  a  systematic  degrada¬ 
tion  of  control  when  the  time  delay  between  the  pulses  is  varied.  Further,  we  found  that 
control  improves,  for  a  fixed  Axc/^i  with  increasing  Ax,  but  that  the  yield  reduces  sub¬ 
stantially.  Control  with  varying  6t  was  seen  to  survive  for  values  of  Axe/ Ax  less  than  4,  a 
range  which  precludes  pump-dump  control  with  typical  nanosecond  lasers. 

ACKNOWLEDGMENTS 

This  work  was  supported  by  the  U.S.  Office  of  Naval  Research  under  contract  number 
N00014-90-J-1014,  by  the  Ontario  Laser  and  Lightwave  Research  Centre  and  by  NSF  grant 


12 


PHY-9206064  to  Prof.  Robert  Gordon  (University  of  Illinois).  We  thank  Dr.  Tamar  Sei- 
deman  (NRG,  Canada)  for  providing  the  overlap  matrix  elements  used  to  obtain  Figure 

2. 


13 


REFERENCES 


*  Permanent  Address:  Chemical  Physics  Department,  The  Weizmann  Institute  of  Science, 
Rehovot,  Israel 

[1]  For  reviews  see:  P.  Brumer  and  M.  Shapiro,  Scientific  American  272,  March  1995,  pp. 
56;  M.  Shapiro  and  P.  Brumer,  International  Reviews  of  Physical  Chemistry  13,  187 
(1994); 

[2]  T.  Seideman,  M.  Shapiro,  and  P.  Brumer,  J.  Chem.  Phys.  90,  7132  (1989);  1.  Levy,  M. 
Shapiro  and  P.  Brumer,  J.  Chem.  Phys.  93,2493  (1990). 

[3]  For  pump-dump  studies  from  an  alternate  perspective  see  D.J.  Tannor  and  S.A.  Rice, 
J.  Chem.  Phys.  83,5013  (1985);  D.J.  Tannor,  R.  Kosloff,  and  S.A.  Rice,  J.  Chem.  Phys. 
85,5805  (1985);  R.  Kosloff,  S.A.  Rice,  P.  Gaspard,  S.  Tersigni,  and  D.J.  Tannor,  Chem. 
Phys.  139,201  (1989). 

[4]  M.  Shapiro  and  P.  Brumer,  J.  Chem.  Phys.  90,6179  (1989). 

[5]  S.M.  Park,  S-P.  Lu,  and  R.J.  Gordon,  J.  Chem.  Phys.  94,  8622  (1991);  S-P.  Lu,  S.M. 
Park,  Y.  Xie,  and  R.J.  Gordon,  J.  Chem.  Phys.  96,  6613  (1992);  C.  Chen,  Y-Y.  Yin, 
and  D.S.  Elliott,  Phys.  Rev.  Lett.  64,  507  (1990);  ibid  65,  1737  (1990). 

[6]  P.  Gross,  D.  Neuhauser  and  H.  Rabitz,  J.  Chem.  Phys.  94,  1158  (1991). 

[7]  X-P.  Jiang  and  P.  Brumer,  J.  Chem.  Phys.  94,  5833  (1991);  X-P.  Jiang  and  P.  Brumer, 
Chem.  Phys.  Lett.  180,222  (1991); 

[8]  R..D.  Taylor  and  P.  Brumer,  Disc.  Far.  Soc.  75,  117  (1983). 

[9]  M.  Shapiro,  J.  Chem.  Phys.,  101,  3849  (1994). 

[10]  X-P.  Jiang  and  P.  Brumer,  Chem.  Phys.  Lett.  208,  179-186  (1993). 


14 


FIGURE  CAPTIONS 


Figure  1:  Contour  plots  of  the  fraction  of  DH  yield  as  a  function  of  the  detuning  param¬ 
eter  6e  =  Ej:-  Eav  =  hu}x-  {Ezz  +  Ezz)/^  and  delay  time  6t  for  partially  coherent  pulsed 
excitation  in  the  neighborhood  of  the  pair  of  levels  32  and  33  where  Ezz  ~  Ezz.  =  15.7  cm 
Ax=20  cm-^  (a)  =  0  cm-^  (b)  A^c  =  8  cm“\  (c)  A^c  =  40  cm'S  (d)  A*c  =  80  cm-\ 

(e)  Axe  =  200  cm"^. 

Figure  2:  As  in  Figure  la  but  with  nonconstant  fiij{E).  The  pump  pulse  is  transform- 
limited  with  Ax  —  20  cm~^,  and  the  dump  pulse  is  of  width  Ad  =  80  cm  Each  panel 
corresponds  to  a  different  value  of  dump  pulse  partial  coherence  Adc-  (a)  Adc  =  80  cm“^, 
(b)  Adc  =  120  cm“^  (c)  Adc  =  200  cm“^. 

Figure  3:  Same  as  Figure  1  but  in  the  neighborhood  of  the  pair  of  levels  22  and  23 
where  Ezz  -  E22  =  46.4  cm-\  Ax  =  200  cm-^  (a)  A^c  =  0  cm-^  (b)  A^c  =  200  cm-\  (c) 
Axe  =  1000  cm“^, 

Figure  4:  Same  as  Fig.  3  for  compressed  levels  (see  Table  II).  where  Ai  =  200  cm"’^,  (a) 
A^e  =  0  cm-\  (b)  A^c  =  200  cm-S  (c)  A^^  -  800  cm"^. 

Figure  5t  Excitation  of  the  pair  of  levels  numbered  32  and  33  with  Ax/ Axe  ~  2  and 
variable  A^.  (a)  A^  =  20  cm-^  (b)  A^  =  40  cm-\  (c)  A^  =  80  cm"!. 

Figure  6:  Excitation  of  the  pair  of  levels  numbered  32  and  33  with  a  coherent  source 
and  variable  A^;  (a)  A^  =  40  cm-\  (b)  A^,  =  80  cm"^.  See  also  Figure  la  for  the  case  of 
Ax  =  20  cm“^. 
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TABLE  I 


State  number 

Energy  in  cm  ^ 

State  number 

Energy  in  cm“^ 

State  number 

Energy  in  cm  ^ 

37 

684 

26 

728 

36 

470 

25 

582 

59 

882 

35 

147 

24 

426 

58 

642 

34 

99.7 

23 

23.2 

57 

13.0 

33 

7.85 

22 

-23.2 

56 

-13.0 

32 

-7.85 

21 

-146 

55 

-649 

31 

-507 

20 

-559 

54 

-549 

30 

-694 

19 

1 

-560 

TABLE  1.  Energies  of  excited  states  around  (32,33),  (22,23)  and  (56,57),  where  the  energy  zero 
is  taken  as  the  average  energy  of  the  pair. 
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TABLE  II 


State  Number 

Energy  in  cm  ^ 

34 

631 

33 

539 

32 

523 

31 

473 

30 

286 

29 

206 

28 

181 

27 

128 

26 

94.0 

25 

79.4 

24 

63.5 

23 

23.2 

22 

-23.2 

21 

-146 

20 

-187 

19 

-188 

18 

-212 

17 

-248 

16 

-290 

15 

-322 

14 

-502 

13 

-566 

12 

-572 

11 

-758 

TABLE  II.  Energies  of  compressed  excited  states  around  (22,23),  where  the  zero  is  taken  as 
the  average  energy  of  the  pair. 
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Abstract 


A  model  for  computing  the  absorption  spectrum  of  a  diatomic  adsorbed  on  a  non-zero 
temperature  surface  is  developed.  In  particular,  the  exact  time  dependent  expression  for  the 
absorption  spectrum,  averaged  over  the  surface  variables,  is  constructed.  The  required  time 
evolution  of  the  dipole  transition  density  operator  is  then  modeled  by  a  quantum  Langevin- 
type  Equation  derived  by  the  method  of  Caldeira  and  Leggett.  The  resultant  equation 
is  treated  numerically  and  sample  spectra  are  given  for  IBr  on  an  MgO(OOl)  surface  at  a 
temperature  of  150°  K.  The  results,  parameterized  by  a  diatom-surface  coupling  constant, 
illustrate  the  broadening  of  the  spectrum  in  the  presence  of  the  stochastic  thermal  substrate 
motion. 
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I.  INTRODUCTION 


Studies  of  the  spectroscopy  of  molecules  on  surfaces  has  yielded  much  information  about 
molecule-surface  interactions.  [1]  A  proper  analysis  of  this  data  requires  a  theory  which 
incorporates,  within  quantum  mechanics,  the  effect  of  temperature,  of  the  dynamic  solid, 
and  of  the  adsorbate-surface  interaction.  A  complete  theory  of  this  kind,  particularly  for 
electronic  spectroscopy,  is  well  beyond  modern  computational  limitations,  necessitating  the 
development  of  useful  models. 

In  this  paper  we  describe  a  model,  and  associated  computational  method,  for  the  elec¬ 
tronic  spectroscopy  of  diatomics  adsorbed  on  a  surface.  Use  of  this  phenomenological  quan¬ 
tum  model  allows  us  to  go  beyond  traditional  zero-temperature  studies  to  incorporate  effects 
due  to  non-zero  temperature.  That  is,  the  model  allows  for  the  incorporation  of  the  non¬ 
static  surface,  treated  as  an  external  bath  at  temperature  T,  with  the  adsorbate-surface 
coupling  parametrized  by  a  phenomenological  friction.  Model  computations  of  the  elec¬ 
tronic  absorption  spectrum  of  IBr  on  MgO(OOl)  demonstrate  the  broadening  effect  of  the 
surface  on  the  electronic  absorption  spectrum. 

The  paper  is  organized  as  follows:  Section  II  contains  a  description  of  the  theory,  in¬ 
cluding  the  derivation  of  the  generalization  of  the  Caldeira-Leggett  equation  to  treat  two 
electronic  surfaces.  Limitations  of  the  technique  are  also  described.  A  useful  numerical 
technique  for  propagating  this  equation,  based  on  the  short  time  split  operator  plus  FFT 
approach,  is  described  in  Section  III  and  the  method  is  applied  to  IBr  on  an  MgO(OOl) 
surface  in  Section  IV.  A  short  summary  concludes  the  paper. 

II.  THEORY 

A.  Photoabsorption 

The  total  cross  section  a{uj)  for  photoabsorption  from  an  initial  state  \i)  oi  the  ground 
electronic  state  to  all  vib-rotational  states  i  / )  of  the  electronically  excited  state  with  a 
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photon  of  frequency  u>  is  given  by: 


a{Lo)  =  {2uj/hceo)  \{f\li\i)\'^6{ufi  -  cj)  (1) 

f 

cofi  =  {Ef  -  Ei)/h,  where  Ef  and  Ei  are  the  energies  of  the  states  |/)  and  |i).  The 
expression  can  be  rewritten  as  [2] : 

/OO 

-OO 

where  A  =  2u/{h'^C€o),uji  =  Ei/h  and  is  the  Hamiltonian  of  the  excited  electronic  state. 
For  the  case  where  excitation  is  out  of  a  thermal  ensemble  at  temperature  T  Eq.  (2)  becomes 


nc€o  -f 


Trie- ^^9 


J-oo 


(3) 

(4) 

(5) 


where 


p{t)  = 


(6) 


so  that 

p(0)  =  (7) 

Equation  (6)  looks  similar  to  the  standard  propagation  of  an  operator  except  that 

He  ^  Hg,  reflecting  a  transition  between  two  electronic  states. 

To  generalize  this  result  to  include  the  solid  we  regard  He  and  Hg  as  the  Hamiltonian  for 
the  entire  system,  i.e.  the  diatomic  plus  surface.  A  theory  for  the  absorption  cross  section 
then  results  if  we  trace  over  the  degrees  of  freedom  of  the  surface.  Denoting  this  trace  by  () 
we  have: 

where  p{t)  =  {p{t)). 
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The  central  problem  is  to  compute  p{t),  i.e.  p{t)  averaged  over  the  surface  degrees  of 
freedom,  This  task  is  much  simplified  by  adopting  the  pseudo-one  dimensional  model  of 
McCarthy  et  al  [3]. 


B.  Pseudo-One  Dimensional  Model 

Consider  a  diatomic  molecule  at  fixed  tilt  angle  6  to  the  surface.  Its  in-plane  motion 
is  described  by  the  vibrational  coordinate  r  and  in-plane  angle  (j).  McCarthy  et  al  [3]  note 
that  the  in-plane  librational  motion  in  angle  (f),  with  frequencies  in  the  range  of  3.5  cm"^  is 
far  slower  than  the  vibrational  motion,  with  frequencies  of  «  267  cm”^  As  a  consequence 
we  adopt  an  extreme  adiabatic  picture  and  assume  that  ^  is  fixed  during  the  absorption  of 
light. 

Under  these  circumstances,  application  of  this  model  in  the  theory  above  produces 
the  averaged  absorption  cross  section  which  is  parametrically  dependent  on  (f>. 
As  discussed  below,  at  the  temperatures  of  interest  there  are  many  occupied  librational  lev¬ 
els  so  that  we  can  replace  a  quantum  average  over  librational  levels  by  a  classical  average 
over  the  angle  4>. 

It  remains  to  establish  a  method  of  computing  p{t)  for  a  one  degree  of  freedom  system  (r 
with  (j)  fixed)  in  the  presence  of  a  bath.  A  convenient  method  for  modeling  this  computation 
is  developed  below. 


C.  Generalized  Caldeira- Leggett  Equation 

To  perform  the  average  over  the  surface  degrees  of  freedom  requires  a  specific  model 
for  the  surface,  regarded  as  a  background  bath,  and  for  the  surface-diatom  interaction. 
We  derive  a  phenomenological  model  for  p{t)  by  modifying  the  approach  of  Caldeira  and 
Leggett  [4]  to  accommodate  the  role  of  two  Hamiltonians,  Hg  and  H^-  Caldeira  and  Leggett 
adopted  the  influence  functional  method  of  Feynman  and  Vernon  [5]  to  treat  the  problem  of 
quantum  Brownian  motion.  The  resultant  equation  of  motion  for  the  reduced  density  matrix 
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was  also  independently  obtained  by  Dekker  and  by  Zurek  [6],  with  the  result  being  used  to 
treat  the  decoherence  of  quantum  systems  coupled  to  an  environment.  Here  we  generalize 
this  approach  to  accommodate  the  transition  character  of  p{t),  i.e.  the  appearance  of  two 
Hamiltonians  in  the  definition  of  p{t).  The  result  is  a  useful  phenomenological  equation  for 
the  absorption  cross  section  of  a  system  coupled  to  an  external  bath. 

To  avoid  rewriting  the  lengthy  derivation  of  Caldeira  and  Leggett  we  indicate  below  how 
to  rederive  their  Eqs.  (2.14)-  (2.16)  so  as  to  accommodate  the  two  electronic  surfaces  which 
enter  our  p{t).  We  explicitly  adopt  their  notation  to  allow  the  direct  comparison  with  their 
equations. 

Consider  the  coordinate  space  expression  for  the  propagated  p{t),  i.e. 

(rrR|p(t)|yQ)  =  J  dx'dy’dR'dQ'{xR\e-^^^^/^\x'R'){x'R'\pm^^^^  (9) 

where  the  small  letters  denote  the  system  variables  and  the  capital  letters,  bath  variables. 
Consistent  with  Caldeira  and  Leggett  we  assume  a  one-degree  of  freedom  system;  extension 
to  systems  with  more  degrees  of  freedom  can  be  done.  The  propagation  terms  above  can  be 
expressed  as  path  integral  as: 

{xll\e-^^‘*^^\x'li')  =  J  j  (10) 


(2/'Q'|e*^^*/^|yQ)  =  j  J 


(11) 


The  actions  Se  and  Sg  are  both  of  the  form  {I  =  e,  g) 

s, = s;*’ + s,® + sf"’  =  [  Ldt' 


(12) 


where  S\'\  and  are  associated  with  each  of  the  three  terms  in  L: 


+  E  -  E  -  E  Ri)-  (13) 


Here,  the  superscript  ‘s’  stands  for  system,  ‘b’  for  the  bath,  and  ‘inf,  for  the  interaction  and 
Vi{x)  differs  for  Sg  and  where  it  is  the  ground  and  excited  potentials  respectively.  Mi 
are  the  masses  of  the  atoms  in  the  solid  and  m  is  the  reduced  mass  of  the  adsorbate. 
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Integration  over  all  the  coordinates  of  environment  leads  to 

p(x,  y,t)  =  I  dR{xR\p{t)\yR)  =  j  dx'dy'J{x,  y,  t;  x',  y',  0)p(x',  y',  0)  (14) 

where 

J{x,y,t]x',y',0)  ^  j  j  (15) 

and 

J^{x,y)  =  j  dR'dQ'dRpb{R',Q',0)  J  (10) 

is  the  so-called  influence  functional.  The  term  pb(R',  Q',  0)  is  the  density  matrix  of  the 
bath,  which  arose  by  factoring  p(0)  [Eq.  (7)]  into  the  product  of  the  bath  and  system 
terms.  Following  Leggett  et  al  [4]  we  assume  an  harmonic  oscillator  bath  for  14(1^1)  and  a 
bilinear  form  for  Vi(x,  R;)  to  calculate  J^(x,  y)  explicitly.  Further,  in  exact  accord  with  their 
approach,  we  assume  a  thermal  equilibrium  distribution  for  P6(R'),  ia  accordance  with  the 
adoption  of  an  inflnite  and  passive  bath,  and  take  the  high  temperature  limit  ksT  ^  hu>b, 
and  finally  obtain  the  dynamical  equation  for  p{t): 


^  ^  r _ _  Y^p] 

dt  2mi  dx^  2mi  dy"^  ih  ih 


dp  dp.  ,  dp  dp. 


2m'ykBT 


{x  -  yfp, 


(17) 


where  7  =  C/m  and  where  C  defines  the  couphng  of  the  system  to  the  bath.  The  formalism 
of  Dekker  and  Zurek  [6]  would  lead  to  the  same  equation  via  a  different  formulation. 

The  resultant  equation  differs  from  the  normal  equation  of  Caldeira  and  Leggett  insofar 
as  it  involves  two  potentials  Vg  7^  Vg.  The  Caldeira-Leggett  result  obtains  if  =  Vg. 
Equation  (17)  has  three  types  of  terms.  The  first  term  in  brackets  is  the  free  motion  term 
whereas  the  others  relate  to  dissipation  and  fluctuation;  the  last  term  in  this  equation  is 
the  white  noise  fluctuation  average  contribution,  {x^  +  2/f^)  ^  friction  term  which  label 

“type  I”  whereas  (a:|^  +  y|f)  is  a  friction  term  which  we  label  as  type  II.. 
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Equation  (17)  is  a  generalization  of  quantum  Liouville  equation.  The  kinetic  energy  and 
potential  terms  correspond  to  the  quantum  dynamics  governed  by  Schrodinger  equation,  the 
last  term  results  from  the  fluctuating  forces  which  destroys  quantum  coherence,  and  the  two 
middle  terms  describe  dissipation  associated  with  friction.  It  can  be  easily  proved  that  the 
trace  of  p(t)  is  preserved  during  the  propagation  and  that  the  fluctuating  force  term  which 
appears  in  the  end  of  Eq.(17)  reduces  the  off-diagonal  term  of  density  matrix.  Therefore, 
this  equation  depicts  the  temporal  dephasing  process  caused  by  the  stochastic  fluctuating 
force.  There  is  no  population  decay  or  amplitude  damping  in  the  equation  although  we  do 
add  a  radiative  lifetime  term  in  the  computation  of  the  time  evolution. 


D.  Propagation 


Since  the  Eq.  (17)  is  linear  we  can  use  the  short  time  split  operator  technique  to  prop¬ 
agate  the  dissipative  dynamics.  Specifically,  the  split  operator  technique  [7],  applied  to  Eq. 


(17)  gives: 


,  hAt  hAt  ,  ,Vi{^)At  V2(y)At^ 
p{x,  y,  t  +  At)=  exp(-— —  +  — “ )  exp(— - 7^) 


2im  dx^  2im  dy"^ ' 


ih 


ih 


d  d  ,  ,  d  d  ..  ,  2mjkBTAt,  ,2\  /  /1o^ 

exp{—'yAt{x—  +  y-^))exp{'YAt{x-^-\-y-^))exp{  {x  —  y)  )p{x,y,t)  (18) 


dy  ^dx 


A  widely  apphed  numerical  technique  to  propagate  a  wavefunction  via  e  is  the 

fast  Fourier  transform  (EFT)  method  [8]  which  transforms  back  and  forth  between  the 
q  and  p  representations  to  facilitate  the  short  time  propagation  of  pure  kinetic  and  pure 
potential  terms.  If  the  propagation  involves  two  potential  energy  surfaces  which  are  cou¬ 
pled  electronically,  i.e.  surface-crossing,  then  an  extra  transformation  between  diabatic  and 
adiabatic  representations  is  necessary  to  deal  with  the  propagation  of  the  2x2  matrix  of 
potentials.  This  approach  was  discussed  previously  [9]  and  is  adopted  below  to  treat  the 
Caldeira-Leggett  equation  which  involves  two  potentials. 

There  are  a  number  of  issues  which  make  the  propagation  of  Eq.  (17)  more  difficult  than 
the  standard  application  to  the  wavefunction.  First,  we  are  propagating  a  density  matrix 
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whose  dimensionality  is  twice  that  of  the  wavefunction.  This  makes  the  computation  costly: 
the  cpu  time  spent  on  FFT  of  a  one  dimensional  wavefunction  is  roughly  N  log2  N  where 
N  is  the  total  time  steps  of  the  propagation.  This  increases  to  (iVlog2iV)^  for  the  density 
matrix  because  involves  [x,y),  i.e.  twice  the  number  of  independent  variables.  Secondly, 
the  propagation  of  dissipative  dynamics  introduces  three  extra  terms  over  that  of  pure  state 
propagation:  the  propagation  of  the  white  noise  fluctuation  average  [the  last  term  in  Eq. 
(17)]  is  straightforward  in  the  coordinate  representation  while  the  friction  term  of  type  II, 
containing  mixed  x  and  y,  can  be  propagated  by  a  series  of  one  dimensional  FFT.  For  this 
term,  one  applies  the  FFT  technique  in  the  form: 

expijx^  At)p{x,  y)  =  -^  I  J  dze^'^^p{x,  z)  (19) 

The  friction  term  of  type  I,  however,  which  contains  only  x  or  y,  requires  special  treat¬ 
ment.  To  treat  this  term  we  note  that  {x‘^,xp  +  px,p'^}  form  a  Lie  algebra,  that  is. 


[x^yp"^]  =  2ih{xp  +  px), 

(20) 

[xp  -H  px,p^]  =  AiUp^y 

(21) 

[x^yxp+px]  =  Aihx^. 

(22) 

Then,  the  application  of  Wei-Norman  theorem  [10]  gives 

^Hharmt  _  ^^2{xp+px) ^ 

(23) 

where  Hharm  =  7*^/2^  +  cx"^  with  arbitrary  c  and  the  satisfy  a  set  of  ordinary  differ¬ 

ential  equations  [11].  Equation  (23)  can  then  be  propagated,  from  which  we  can  extract 

exp(-7At(2;^))  =  exp(-7Atep) 

Our  numerical  computation  uses  a  256x256  grid  which  covers  the  region  from  4  a.u.  to 

10  a.u.  An  absorbing  boundary  condition  is  used  to  meet  the  requirement  of  a  vanishing 
density  matrix  at  the  boundary. 
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III.  IBR  ON  MGO(OOl) 


As  an  example  of  this  approach  we  consider  IBr  adsorbed  on  an  MgO(OOl)  surface.  In 
particular,  we  extend  the  previous  study  of  McCarthy  et  al  [3]  for  a  static  surface  to  a 
diatomic  on  a  dynamic  surface  at  temperature  T  and  consider  the  effect,  on  the  absorption 
spectrum,  of  the  diatom-surface  coupling,  embodied  in  the  parameter  7. 

The  IBr  is  assumed  fixed  at  a  tilt  angle  of  0  =  90°  to  the  surface.  The  total  Hamiltonian 
is  of  the  form: 


-h^A  d  ,  d 


1  ^2 


(24) 


Here  R  denotes  the  coordinates  of  the  solid,  Ts(R)  is  the  kinetic  energy  of  the  solid  and  the 


total  potential  is 


V(R,  r,  (i>)  =  K(R)  +  Vair,  (f>)  +  Fas(R,  r,  (f>) 


(25) 


The  three  potential  contributions,  the  potential  of  the  surface  14 (R)  of  the  adsorbate  Va{r ,  (j)) 
and  their  interaction  T4s(R,'r,^)  are  taken  from  McCarthy  et  al.  In  particular,  IBr  is 
described  by  the  ground  X  state  and  three  excited  states  [A  (^Hi),  B  (^no+)  and  Y 

(0+)]  and  14  is  modeled  by  a  4  x  5  slab  of  atoms.  The  B  and  Y  surfaces  are  coupled  by 
non-Born  Oppenheimer  coupling  terms.  The  adsorbate-surface  interaction  14s  is  taken  as  a 
sum  of  pairwise  interactions  between  the  diatom  and  the  surface.  Note,  as  mentioned  above, 
that  14s  is  assumed  to  be  the  same  for  the  ground  and  excited  states  of  IBr,  a  reasonable 
assumption  since  all  states  are  covalent  in  character,  and  necessary  for  the  application  of 
Eq.  (17). 

The  four  potential  curves  X,  A,  B,  and  Y  are  shown  as  dashed  curves  in  Fig.  1.  Figure  1 
also  shows  the  full  potential  curves  of  adsorbed  IBr,  i.e.,  the  potential  including  Visrij') 
Vint{r,  (t>)  where  the  center  of  mass,  6,  and  (j)  are  all  at  the  equilibrium  positions.  Compared 
to  the  ViBrif)  of  free  IBr,  shown  with  dotted  lines,  adsorption  lowers  the  IBr  energy  for  all 
r. 
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Figure  2a  shows  an  energy  landscape,  with  the  position  of  the  center  of  IBr  at  Xcm  —  5.8 
a.u.,  Vcm  =  5.8  a.u.,  Zam  =  4.5  a.u.  In  order  to  interpret  Fig.  2a,  note  that  the  IBr  molecule 
is  parallel  to  the  surface  and  that  the  origin  of  the  polar  coordinate  coincides  with  the  center 
of  mass  of  IBr,  which  is  chosen  to  be  above  an  Mg+^  of  the  substrate.  Note  that  there  is  no 
contour  plot  for  r  <  4  a.u.  since  the  ViBr{r)  becomes  increasingly  repulsive  (its  equilibrium 
position  is  4.666  a.u.)  and  large  in  value.  Around  t  =  5.4  a.u.,  one  sees  dashed  contours, 
indicating  a  valley  of  negative  V.  There  are  several  minima  in  this  belt,  with  the  one  at 
(j)  =  270°  seemingly  the  most  stable.  Outside  the  potential  belt  the  total  energies  are  all 
positive.  Figure  2a  is  an  arbitrary  cut  of  the  potential  and  does  not  correspond  to  the  global 
minimum,  which  is  at  Xcm  =  5.38  a.u.,  ycm  =  6.21  a.u.,  Zcm  =  5.73  a.u.,  0  =  90  ,  ^  =  264  , 
and  the  bond  length  Veq  =  4.666a.u..  Figure  2b  does  show  a  contour  plot  of  the  interaction 
energy  on  a  small  scale  near  the  potential  minimum. 

Dipole  moment  functions  for  excitation  were  obtained  from  Ref.  [3] .  Computations  were 
carried  out  over  photon  wavelengths  ranging  from  530  nm  to  590  nm.  At  these  energies 
the  static  surface  computations  [3]  show  structure  due  to  transitions  to  the  bound  regions 
of  the  and  ^Ilo  states.  At  higher  energies  the  system  undergoes  photodissociation  by 
a  ^IIo  ^  YO'^  transition.  We  do  not  focus  on  features  of  the  absorption  spectrum  in  this 
region  since  they  are  already  quite  broad  in  the  case  of  a  static  surface  [3]  and  are  only 
marginally  modified  by  adsorption  to  the  dynamic  surface.  Further,  we  do  not  attempt  to 
produce  the  structure  in  the  region  of  A  <  540  nm,  which  would  require  longer  propagation 
times  and  larger  boundaries. 

Computations  of  (<7(0;;^)),  i.e.  the  excitation  cross  section  at  fixed  libration  angle  ^ 
were  carried  out  as  described  above  at  T  =  150°  C  and  for  an  average  over  <p.  Note  that  at 
T  =  150°  C  more  than  100  librational  levels  are  populated.  This,  plus  the  observation  that 
the  potential  in  the  r  and  (f>  motion  is  essentially  separable  near  the  potential  minimum  (see 
Fig.  2)  suggests  replacing  the  quantum  average  over  the  librational  states  by  the  classical 
average  over 
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(26) 


(c7(a;))  =  j  dp4,d(l)expl-{pl/2m  +  V{re,(l)))/kT]{a{ui](j))) 

=  \/2m7rkT  J  d(l>exp[-V{re,4>))/kT]{cr{ijj;(l))) 

where  p^  is  the  momentum  conjugate  to  (f)  and  V{re,  (j))  is  the  librational  potential  experi¬ 
enced  by  the  adsorbed  diatom  at  r  =  fg  =  XX,  the  equilibrium  internuclear  position  at  the 
potential  miniTrmm.  Tests  of  several  sets  of  angles  showed  that  the  angle  integral  could  be 
done  numerically  with  as  few  as  nine  points. 

A.  Computational  Results 

Sample  computational  results  are  shown  in  Figure  3  for  a  surface  at  T  =  150°.  We  focus 
on  the  region  (A  >  542  nm)  where  the  spectrum  shows  considerable  structure,  i.e  in  the 
regime  corresponding  to  absorption  to  the  quasi-bound  states  of  the  B  and  Y  potentials.  At 
this  temperature  only  the  ground  vibrational  state  of  the  diatom  is  significantly  populated, 
reducing  the  computational  effort.  Figure  3a  shows  the  absorption  spectrum  resulting  from 
a  computation  at  a  single  librational  angle  at  the  minimum  of  the  librational  potential, 
(f)  =  264°  degrees.  Here  the  friction  term  7=0,  thus,  any  observed  line  broadening  is  due  to 
dissociation.  Figure  3a  shows  sharp  structure  with  some  broadened  features  in  the  neigh¬ 
borhood  of  560  nm  and  570  nm  reflecting  the  nonadiabatic  coupling  of  the  B  state  to  the 
repulsive  Y  state.  Averaging  over  many  angles,  with  the  result  shown  in  Fig.  3b,  results  in 
a  further  loss  of  peak  heights  and  a  loss  of  structure  in  the  region  of  540  to  550  nm. 

Note  that  in  doing  these  computations  we  assume  a  dipole  transition  exclusively  to  the 
B  state.  By  doing  this,  we  eliminate  the  artifact  of  boundary  reflection  associated  with  the 
FFT  technique.  This  assumption  will  not  affect  the  spectra  in  the  400  to  600  nm  wavelength 
range,  the  Franck-Condon  region  between  surface  X  and  B.  It  does,  however,  substantially 
affect  the  wavelength  range  around  300  nm,  corresponding  to  Franck-Condon  excitation 
between  the  X  and  Y  surfaces. 

Figures  3a  and  3b  may  be  compared  to  the  previous  zero  temperature  results  of  McCarthy 
et  al,  computed  by  a  time  independent  method.  Doing  so  shows  that  our  resonant  peak 
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heights  are  somewhat  lower.  This  is  due  to  the  finite  propagation  time  (3.8  ps)  and  the  short 
range  absorbing  boundary  condition  in  our  calculation.  This  does  not  affect  the  comparison 
of  results  of  different  7  calculations,  discussed  below. 

Figure  3c  shows  the  absorption  spectrum  at  7  =  10"'^,  including  angle  averaging.  It 
clearly  demonstrates  the  heavily  broadened  peaks  resulting  from  the  energy  dissipation  by 
the  substrate  MgO.  Nevertheless,  the  broadening  due  to  the  nonadiabaticity  can  still  be 
recognized  around  560  and  570  nm.  This  broadening  becomes  increasingly  significant  as  7 
increases.  This  is  evident  in  Figure  3d  where  the  vast  majority  of  structure  is  now  gone. 

Clearly  the  spectrum  is  very  sensitive  to  the  values  of  7  which  models  the  adsorbate- 
surface  interaction.  This  allows  a  direct  determination  of  7  by  a  fit  to  experimental  data. 

IV.  SUMMARY 

We  have  introduced  a  model  which  allows  the  computation  of  the  electronic  absorption 
spectrum  of  a  molecule  adsorbed  to  a  surface.  The  dynamic  motion  of  the  surface  is  explicitly 
included,  with  the  model  parametrized  by  a  friction  constant  and  a  surface  temperature.  The 
strong  dependence  of  the  spectral  line  widths  on  the  friction  constant  have  been  explicitly 
demonstrated  in  a  computation  on  IBr  adhering  to  an  MgO  surface. 
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FIGURE  CAPTIONS 


Fig.  1  One  dimensional  potential  curves  of  IBr  on  MgO(OOl).  The  solid  lines  are  adsorbed 
IBr  and  dashed  lines  refer  to  free  IBr. 

Fig.  2  (a)  Two  dimensional  contour  plot  of  the  potential  ViBrif)  +  Vintir,  (j))  when 
Xcm  =  5.8  a.u.  ,  Vcm  =  5.8  a.u.,  Zcm  =  4.5  a.u.  $  =  90°,  where  the  IBr  molecule  is  in  the 
ground  electronic  state. 

(b)  Two  dimensional  contour  plot  of  the  interaction  potential  around  the  equilibrium 
position.  AVintir,(f))  =  Vint{r,(f>)  -  V^i^{r,4>)  when  Xcm  -  5.38  a.u.,  Van  =  6.21  a.u., 
z^rn  =  5.73  a.u.  9  =  90°.  This  interaction  is  the  same  for  the  ground  or  excited  electronic 
state  of  IBr. 

Fig.  3  Absorption  spectra  of  IBr/MgO(001)  at  T  =  IbOAT:  (a)  7  =  0  for  a  single  (j)  angle. 
Results  averaged  over  0  for  various  values  of  7  are  shown  in  (b)  7  =  0,  (c)  7  =  10“^  (d) 
7  =  5*  10“^. 
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ABSTRACT 


Coherent  radiative  control  is  a  quantum-interference  based  approach  to  controlling  molec¬ 
ular  processes  by  the  use  of  coherent  radiation.  A  method  of  carrying  out  such  control 
in  the  presence  of  thermal  broadening  effects  and  laser  jitter  is  described  and  applied  to 
the  photodissociation  of  Na2. 


1.  Introduction 

Control  over  molecular  dynamics  using  lasers  is  an  issue  at  the  forefront  of 
modern  molecular  physics.  The  theory  of  coherent  radiative  control  of  molecular 
dyneimics,  which  we  have  developed  over  the  last  seven  years^,  affords  a  direct 
method  for  controlling  reaction  dynamics  using  coherence  properties  of  weaJc  lasers, 
with  a  large  range  of  yield  control  expected  in  laboratory  scenarios.  In  addition, 
the  theory  of  coherent  control  provides  deep  insights  into  the  essential  features  of 
reaction  dynamics,  and  of  quantum  interference,  which  are  necessary  to  achieve 
control  over  elementary  molecular  processes. 

As  in  all  interference  phenomena  the  known  system  phase,  both  molecular 
and  optical,  plays  a  crucial  role.  Incoherence  effects  leading  to  a  mixed  initial 
matter-photon  state,  such  as  partial  laser  coherence  or  an  initially  mixed  molecular 
state,  degrade  control  in  quantum  interference  based  methods.  As  a  consequence,  all 
but  one^  of  our  previous  coherent  control  scenarios  were  limited  to  isolated  molecules 
in  a  pure  state,  e.g.  molecular  beam  systems.  Below  we  show  that  it  is  possible  to 
maintain  control  in  a  molecular  system  in  thermal  equilibrium  by  interfering  two 
distinct  resonant  two-photon  routes  to  photodissociation.  The  proposed  control 
scenario  also  provides  a  method  for  overcoming  destructive  interference  loss  due  to 
jumps  in  laser  phase. 

In  section  2,  we  provide  a  schematic  overview  of  coherent  radiative  control 
including  an  example  which  emphasizes  the  general  principles,  and  in  section  3,  we 


describe  the  new  coherent  control  scenario. 


2.  Interference  and  Control:  An  Example 


Consider  molecular  scattering  which,  at  total  energy  E  produces  a  number 
of  distinct  products.  The  total  Hamiltonian  is  denoted  H  =  H°  +  Vg,  where  H°  is 
the  Hamiltonian  of  the  separated  products  in  the  arrangement  channel  labeled  by 
q,{q  =  1,2,...)  and  Vg  is  the  interaction  between  products  in  arrangement  q.  We  de¬ 
note  eigenvalues  of  Hq  by  \E,  n,  q°),  where  n  denotes  all  quantum  numbers  other  than 
E]  eigenfunctions  of  H,  which  correlate  with  \E,n,q^)  at  large  product  separation, 
are  labeled  \E,n,q~).  By  definition  of  the  minus  states,  a  state  prepared  experimen¬ 
tally  as  a  superposition  |$(<  =  0))  =  has  probability  of  forming 

product  in  channel  q,  with  quantum  numbers  n.  As  a  consequence,  control  over  the 
probability  of  forming  a  product  in  any  asymptotic  state  is  equal  to  the  probability 
of  initially  forming  the  appropriate  minus  state  which  correlates  with  the  desired 
product.  The  essence  of  control  lies,  therefore,  in  forming  the  desired  linear  combi¬ 
nation  at  the  time  of  preparation.  The  essential  modus  operandi  of  coherent  radiative 
control  is  to  utilize  the  phase  and  intensity  of  laser  excitation  to  alter  the  coefficients 
Cn,q  and  in  this  way  to  enhance  production  of  the  desired  product. 

Consider,  as  an  example  of  coherent  control,  a  specific  scenario  for  unimolec- 
ular  photoexcitation^  where  a  system,  initially  in  pure  state  <f>g  (or  \Ei)  below),  is 
excited  to  energy  E,  by  simultaneous  application  of  two  CW  frequencies  U3  and  ui 
(w3  =  3wi),  providing  two  independent  optically  driven  routes  from  <{>g  to  \E,n,q~). 
Straightforward  perturbation  theory,  valid  for  the  wealc  fields  under  consideration, 
gives  the  probability  P{E,  q;  £’,)  of  forming  product  at  energy  E  in  arrangement  q  as: 

PiE,  q;  Ei)  =  P3{E,  g;  Ei)  +  Pi3{E,  g;  Ei)  +  Pi{E,  g;  Ei)  .  (1) 

with  P3  being  the  probability  of  one  photon  absorption: 

P3{E,  g;  Ei)  =  (f  ^  |{  i?,  n,  g-  |  (  £  ^  •  d  |  Ei ) p  .  (2) 

n 

Here  d  is  the  electric  dipole  operator,  and 

(£3'  £3'  ^ 

where  \g)  and  |  e)  are  the  ground  and  excited  electronic  state  wavefunctions,  respec¬ 
tively.  The  term  Pi  is  the  probability  of  three  photon  absorption: 

P,iE,q-,Ei)  =  i^)^4'£\{E,n,q-\T\Ei)f,  (4) 

n 


with 

T={€  ■  d  ),,g{Ei  -Hg+  2hWl)-\  i  d  )g,4Ei  -  P*  +  ^  '  d  ),,g  , 

and  Pi3  is  the  interference  term  between  the  two  processes: 

Pi3(P,  g;  Ei)  =  -2(|)2e3e?cos(^3  -  3^i  -h 


(5) 

(6) 


(7) 


The  amplitude  and  phase  are  defined  by 

exp(i^(|))  =  J2{Ei\T\E,n,q-){E,n,q-\{l  ■  d  |  F.- )  . 


The  branching  ratio  Rqq’  for  channels  q  and  q',  Ccin  then  be  written  as 


Rqq'  — 


^  P(E,  q;  Ei)  ^  -  2€3e?  cosjO^  -  3^1  + 

P{E,  Ei)  (2pW)  _  2e3e3  ^05(^3  -  3^1  +  61^)1^13^1  +  ’ 


where 


p(«)  _  p(?)  _  (^\2^3{E',Tf  Ei) 

- ’^3  -(-)  - ^1 - 


(9) 


with  and  f}’  ^  defined  similarly.  Since  the  interference  term  is  controllable 
through  variation  of  laboratory  parameters  (here  the  relative  intensity  and  relative 
phase  of  the  two  lasers),  so  too  is  the  product  ratio  R. 

This  3-photon  -f-  1-photon  sceneirio  has  now  been  experimentally  imple¬ 
mented  ®  in  studies  of  HCl  ionization  through  a  resonant  bound  Rydberg  state. 
A  similar  phase  control  experiment  has  been  performed  on  atoms  in  the  simulta¬ 
neous  3-photon  -b  5-photon  ionization  of  Hg. 

The  3-photon  plus  1-photon  case  is  but  one  example  of  a  scenario  which 
embodies  the  essential  principle  of  coherent  control,  i.e.  that  coherently  driving  a  pure 
state  through  multiple  optical  excitation  routes  to  the  same  final  state  allows  for  the  possibility  of 
control.  Given  this  general  principle,  numerous  scenarios  may  be  proposed  to  obtain 
control  in  the  laboratory^.  Such  proposals  must,  however,  properly  account  for  a 
number  of  factors  which  reduce  or  eliminate  control.  Amongst  these  are  the  need 
to  (a)  adhere  to  selection  rule  requirements,  (b)  minimize  extraneous  and  parasitic 
uncontrolled  satellites,  (c)  insure  properly  treated  laser  spatial  dependence  and 
phase  jitter  and  (d)  allow  maintainance  of  coherence  over  time  scale  associated 
with  any  relaxation  processes,  e.g.  collisions.  A  practical  method  for  overcoming 
several  of  these  difficulties  is  described  below. 


3.  Coherent  Control  via  Resonant  Two-Photon  versus  Two-Photon  In¬ 
terference 

We  first  discuss  resonant  two  photon  photodissociation  of  diatomic  molecules 
and  then  apply  the  results  to  the  control  scenario  we  propose.  Our  recent  analysis’^ 
of  resonant  two  photon  dissociation  yielded  the  following  results,  which  serve  as 
input  to  the  coherent  control  scenario  discussed  later  below.  Consider  a  molecule 
in  a  state  |F,-,  J,-,  M,}  which  is  subjected  to  two  laser  fields  wi  and  U2.  Absorption  of 
the  first  photon  wi  lifts  the  system  to  a  region  close  to  an  intermediate  bound  state 
\EmJmMm),  and  a  second  photon  W2  carries  the  system  to  the  dissociating  states 
|F,  kg”).  These  continuum  states  are  of  energy  E  and  correlate  with  the  product  in 
channel  g,  in  the  direction  specified  by  the  angles  k  =  {9k, (hk)-  Photon  states  of  the 
incident  lasers  are  described  by  the  coherent  states.  Specifically  if  we  denote  the 
phases  of  the  coherent  states  by  4>i  and  <f>2,  the  wavevectors  by  ki  and  k2  with  overall 


phases  6i  =  k.-  •  r  +  <f)i  {i  =  1, 2)  and  the  electric  field  amplitudes  by  €i  and  ej,  then  the 
probability  amplitude  for  resonant  two  photon  («i  +  W2)  photodissociation  is  given^ 
by 

XE,EiJiMi,U2,Ui) 

^ - TT~n - p'\ . TTr - exp[z(^i  +  ^2)J 

“  [Em  -r  Cm  —  Ei)  +  ti  m 

j*' m 

_  f  J  1  Jm  \  (  Jm  1  Ji\ 

X  \/2J  +  1  (0k ,  4>k ,  0)t(£',  EiJi , 0)2,  Wi ,  9| /pA,  E^Jm )  exph‘(^i  +  ^2)]  (10) 

Here  di  is  the  component  of  the  dipole  moment  along  the  electric-field  vector  of  the 
ith  la^er  mode,  E  =  Ei  +  (o;i  +  0)2),  8m  and  Tm  are  respectively  the  radiative  shift 
and  width  of  the  intermediate  state,  p  the  reduced  mass,  and  is  the  relative 
momentum  of  the  dissociated  product  in  g-channel.  The  ^be  parity  adapted 

rotation  matrix  with  A  the  magnitude  of  the  projection  on  the  internuclear  axis  of 
the  electronic  angular  momentum  and  (-l)‘^p  the  parity  of  the  rotation  matrix.  We 
have  set  ft  =  1,  and  assumed  for  simplicity  that  the  lasers  are  linearly-polarized  and 
their  electric-field  vectors  are  parallel.  Note  that  the  T-matrix  element  in  Eq.(lO)  is 
a  complex  quantity,  whose  phase  is  the  sum  of  the  laser  phase  -i-  02  and  the  phase 
of  t. 

We  now  consider  a  molecule  irradiated  with  three  interrelated  frequencies, 
a)o,a)+,a)_  such  that  2wo  =  a)+-|-w_.  Photodissociation  occurs  aA  E  =  Ei +2uo  =  £^f+(a)+-|- 
w_ )  .  The  frequencies  w+  and  wq  are  chosen  resonant  with  intermediate  bound  state 
levels.  The  probability  of  photodissociation  at  energy  E  into  arrangement  channel 
q  is  then  given  by  the  square  of  the  sum  of  the  T  matrix  elements  from  pathway  “a” 
(wo  +  Wo)  and  pathway  “6”  (w+  +u-): 

Pq(E,  EiJi;uo,u)+,u-) 

~  2J  I  i  ^  '  J  .(E,  ExJiMi,u)(),uio)  ^.(^,  w_,  w+)| 

Mi 

=  P^i\a)  +  +  P^^\ab)  (11) 

Here  P^‘’\a)  and  P^^\b)  are  the  independent  photodissociation  probabilities  associ¬ 
ated  with  routes  a  and  6  respectively  and  P^^\ab)  is  the  interference  term  between 
them,  discussed  below.  Note  that  the  two  T  matrix  elements  in  Eq.(ll)  are  asso¬ 
ciated  with  different  lasers  and  as  such  contain  different  laser  phases.  Specifically, 
the  overall  phase  of  the  three  laser  fields  are  ^0  =  ko  •  r  +  ^o,^+  =  k+  •  r  -f  and 
0_  =  k_  -  T +  <!>-,  where  d>o,  <l>+  and  <i>-  are  the  photon  phases,  and  ko,  k+,  and  k_  are 
the  wavevectors  of  the  laser  modes  wo,  w+  and  w_,  whose  electric  field  strengths  are 
eo ,  €+ ,  e_  eind  intensities  7o . 

The  optical  path-path  interference  term  P^^\ab)  is  given  by 

P^^\ab)  =  2|F^*^(a6)|  cos(a|  —  a|) 


(12) 


with  relative  phase 


al-a\  =  {8l-8l)  +  {2eo-e+-e.). 


where  the  amplitude  |F(*)(a6)|  and  the  molecular  phase  difference  {81-61)  are  defined 
by 


|F(«)(a6)|exp[;(62-5^)] 


_  y-v  y-v  y-v  /  J  I  Jm\  f  Jm  1  Ji  \  f  J  \  J'^ 

“(2Ji  +  l)A2^  ^  ^  2^  \-Mi  0  0  Mi)\-Mi  0  M,- 


Consider  now  the  quantity  of  interest,  the  branching  ratio  of  the  product  in  q- 
channel  to  that  in  ^'-channel,  denoted  by  Rgg-  *; 

P  +  2x\f2£\ cos(ag  -  al)  +  {B^^'^/S^) 

cos(af  -  af)  + 

where  pi^J  =  p(?)(a)/£^,  p^f  =  P<~^\b)/{el€l)  and  |/i^f  |  =  |F(«)(a6)|/(ege+€_)  and  x  = 
€+€-lel  =  i/l^H/h.  The  terms  with  described  below,  correspond  to  res¬ 

onant  photodissociation  routes  to  energies  other  than  E  =  Ei  +  2fiuo  and  hence  to 
terms  which  do  not  coherently  interfere  with  the  a  and  b  pathways.  We  discuss  the 
minimization  of  these  terms  elsewhere®-®.  Here  we  just  emphasize  that  the  product 
ratio  in  Eq.  (15)  depends  upon  both  the  laser  intensities  and  relative  laser  phase. 
Hence  manipulating  these  laboratory  parameters  allows  for  control  over  the  relative 
cross  section  between  channels. 

Because  the  t-matrix  element  in  Eq.(lO)  contains  a  factor  [wi  -(Fm+^m  -£’.)+ 
*rm]~S  the  probability  is  greatly  enhanced  near  resonance,  i.e.  when  the  detuning 
A  =  ui-{Em+8m-Ei)  is  small.  This  edlows  us  to  selectively  photodissociate  one  level 
from  a  thermal  bath,  re-establishing  coherence  necessary  for  quantum  interference. 

The  proposed  scenario,  embodied  in  Eq.  (15),  also  provides  a  means  by  which 
control  can  be  improved  by  eliminating  effects  due  to  laser  phase  jumps.  Specifically, 
the  term  (2<^o-<?^+  -^-)  contained  in  the  relative  phase  aj  -af  can  be  subject  to  the 
phase  fluctuations  arising  from  laser  instabilities.  If  such  fluctuations  are  sufficiently 
large  then  the  interference  term  in  Eq.(15),  and  hence  control,  disappears^®.  In  order 
to  overcome  this  problem  we  generate  w_  as  2u;o-a;+  using  a  nonlinear  crystal.  This 
latter  beam  is  assumed  generated  by  second  harmonic  generation  from  the  laser  wo 
(with  phase  <l>o),  and  then  subtracting  w+  from  it.  Under  these  conditions  the 
quantity  24>q  -  4>+  —  4>-  in  the  phase  difference  between  the  (wo  -Hwo)  and  (w+  -i- w_) 
routes  is  a  constcint.  That  is,  fluctuations  in  <j>o  cancel  and  have  no  effect  on  the 
relative  phase  a’  -af;  the  2-photon  plus  2-photon  scenario  is  thus  insensitive  to  the 
laser  jitter  of  the  incident  laser  fields. 

Equation  (15)  is  the  primary  result  of  this  three  frequency  arrangement. 
However,  the  approach  is  not  limited  to  the  specific  frequency  scheme  discussed 


above.  Essentially  all  that  is  required  is  that  the  two  resonant  photodissocia¬ 
tion  routes  lift  the  molecule  to  the  same  energy  and  lead  to  interference,  and  that 
the  cumulative  leiser  pheises  of  the  two  routes  be  independent  of  the  laser  phase 
fiucutations.  For  example,  the  paths  a  and  6  can  be  composed  of  totally  different 
photons,  and  with  and  with  and 

in  resonance  with  intermediate  states.  Both  these  sets  of  frequencies  can  be 
generated,  for  example,  by  splitting  2u>o  light  into  two  beams,  which  are  passed 
through  two  nonlinear  crystals  to  product  and  (w+\  w-^)j  respectively. 

In  this  way,  we  obtain  two  excitation  pathways  whose  relative  phase  is  independent 
of  laser  phase  jumps  in  the  initial  2uo  source.  Given  these  four  frequencies  we  now 
have  an  additional  degree  of  freedom  in  the  choice  of  excitation  photons  in  order  to 
optimize  control  via  the  reduction  of  the  background  terms.  The  analysis  of  four 
frequency  control  is  similar  to  that  of  the  three  color  case,  and  is  given  in  details 
in®. 

The  ratio  depends  on  a  number  of  laboratory  control  parameters  includ¬ 
ing  the  relative  laser  intensities  x,  relative  laser  phase,  and  the  ratio  of  and  e_. 
In  addition,  the  relative  cross  sections  can  be  altered  by  modifying  the  detuning. 
Numerical  examples  for  the  range  of  control  afforded  by  this  scenario  have  been 
studied®’®  extensively  for  Na2  molecule,  with  both  three  and  four  colour  arrange¬ 
ments.  We  cite  some  of  the  results  here. 

Consider  first  the  photodissociation  of  Na2  in  the  regime  below  the  Na(3c/) 
threshold  where  dissociation  is  to  two  product  channels  Na(3s)  -|-  Na(3p)  and  Na(3s) 
-t-  Na(4s).  In  a  typical  example®,  we  chose  excitation  wo  =  631.899  nm  and  w+  =  562.833 
nm.  The  corresponding  w_  is  720.284  nm.  The  yield  of  Na(3p)  was  found  to  vary 
from  30%  to  90%,  as  86  and  x  are  varied,  providing  an  enormous  range  of  control 
over  the  photodissociation  products. 

With  energy  E  higher  than  Na(3<l)  threshold,  the  three  Na  products,  3p,4s  and 
Zd,  can  be  observed  simultaneously.  Three  product  control  using  a  three  frequency 
arrangement  is  given  in  reference®  where  the  contour  plots  provide  the  Na(3p),  Na(4s) 
and  Na(3<l)  yields.  There  we  consider  an  initial  state  consisting  of  v,-  =  10,  J,-  =  0  with 
path  a,  comprised  of  wq  -f  wo,  with  wq  =  591.306  nm,  and  path  b  consisting  of  w+  = 
582.057  nm  and  w_  =  600.853  nm.  The  results  also  show  wideranging  control,  with 
the  Na(3p)  product  controllable  over  a  range  of  11%  to  42%,  the  Na(4s)  over  a  range 
of  2.4%  to  57%,  and  Na(3<f)  over  the  range  12%  to  72%. 

Additional  results  and  detailed  discussion  are  provided  in  References  ®'®. 

4.  Summary 

By  using  two  two-photon  pathways  which  are  each  resonant  with  a  bound 
intermediate,  one  can  overcome  thermal  population  effects  in  coherent  control.  In 
addition,  by  using  nonlinear  optics  method  for  generating  the  required  radiation  one 
can  overcome  incoherence  effects  due  to  laser  phase  jitter.  Finally,  the  availability 
of  a  number  of  control  parameters,  including  the  detuning  to  the  bound  states,  the 
field  strengths  and  the  relative  laser  phases,  allows  one  to  substantially  reduce  other 


uncontrolled  background  terms.  The  result  is  a  an  effective  means  of  eliminating 
major  incoherence  effects  in  radiative  control,  allowing  quantum  interference  effects 
to  dominate  and  allowing  for  coherent  control  in  a  natural  environment. 
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